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The Influence of Shape of Cross Section on 
the Flexural Fatigue Strength of Steel 


By T. J. DOLAN,? J. H. McCLOW,? anv W. J. CRAIG, URBANA, ILL. 


It is not generally known or recognized that the flexural 
fatigue strength of a beam may be influenced to an appre- 
ciable extent by the shape of cross section of the member. 
In order to obtain further information on the magnitude 
of this shape effect, flexural fatigue tests were made em- 
ploying four different shapes of cross section for each of 
two different steels. The results of these tests are com- 
pared and analyzed to clarify or explain some of the shape 
factors that may be of importance in affecting fatigue be- 
havior. It is concluded that variations in residual stress 
or alterations of properties due to method of machining 
the different shapes play only a minor part in affecting 
the relative endurance limits. The susceptibility to 
localized inelastic action as governed by the shape of 
cross section and by the presence of “‘sore spots,”’ such as 
outward projecting corners, are tentatively believed to be 
the primary elements leading to the differences noted in 
flexural fatigue strengths. 


INTRODUCTION 


GREAT deal of data is available in the technical literature 

regarding the effects of the geometrical shape on the fatigue 

strength exhibited by a metal member. However, the 
shape factors usually considered by investigators are the abrupt 
changes of cross section which result in greatly reduced fatigue 
strengths due to the high localized stresses developed at a notch, 
fillet, hole, or other change of section. Very little attention has 
been paid to the possible manner in which the shape of cross sec- 
tion may influence the fatigue properties of a uniform beam. 

In studying the effect of type of testing machine on fatigue 
test results, the ASTM Research Committee on Fatigue of 
Metals (1)4 found that a distinct change in fatigue strength 
seemed to be produced by altering the shape of cross section of a 
test specimen. In vibratory bending fatigue tests “rectangular” 
specimens exhibited fatigue strengths as much as 16 per cent 
lower than the fatigue strength obtained for “round” specimens 
of the same metal. Furthermore, it has been observed that round 
specimens tested in vibratory bending developed endurance limits 
higher than did similar specimens in rotating-beam tests (2, 3).° 

Based on computations of nominal stress by means of elemen- 
tary elastic theory (using the flexure formula), there is little rea- 
son to suspect that the shape of cross section should have any 
influence on the fatigue strength of a member. However, ma- 
terials subjected to repeated stressing do not behave in accord- 
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4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

’ Since this paper was written there have been published two arti- 
cles (11, 12) in which the fatigue data also indicated that rectangu- 
lar beams were weaker than round beams tested in the same fatigue 
machine. 
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ance with the basic assumptions of the theory of elasticity. One 
possible concept advanced to explain this phenomenon of a 
shape effect associates the relative amount of material at peak 
stresses with the propensity toward failure, that is, in a rec- 
tangular specimen a larger volume of material in the extreme 
fiber is subjected to peak stress than in a round specimen, and 
statistically, there is thus a greater chance for failure to occur. 
Little data is available to indicate whether factors such as resid- 
ual stress, variations in machining procedure, or structural re- 
adjustments associated with the particular shape of cross section 
have a definite influence on the fatigue strength of machine 
parts in service. 


OBJECT AND Scope OF INVESTIGATION 


The purpose of this investigation was to obtain information 
regarding the relative magnitude of the effect of shape of cross 
section on flexural fatigue strength, and to analyze these data in 
an attempt to determine what factors influenced the fatigue be- 
havior when the shape of the critical cross section was altered. 

Flexural fatigue tests were made involving several shapes of 
specimen from each of two different steels. The size of the critical 
cross section in specimens of each metal was maintained as 
nearly constant as possible throughout each series of fatigue 
tests in order to eliminate as far as possible any size effect. 

Four shapes of cross section were chosen for the test, namely, 
square, diamond, round, and a modified diamond. The tech- 
niques of manufacture of each specimen were studied rather criti- 
cally in order to detect any possible changes in surface conditions 
and residual stresses which might arise to alter the fatigue proper- 
ties exhibited by a member. 


MatTeErRIALs, Test SPECIMENS, AND Meruop or TESTING 


The first series of test specimens were made of Mayari-R (a 
low-alloy structural steel) in a normalized condition and having 
the chemical and mechanical properties listed in Table 1. The 
second series of specimens were made of SAE 4340 steel, quenched 
and tempered to a static tensile strength of approximately 150,000 
psi. The static mechanical properties and chemical analysis of 
this material are listed in Table 2, and a comparison of typical 
tensile stress-strain curves for the two steels is included in Fig. 1. 
These metals were selected for the investigation in order to com- 
pare the results for two steels having widely different mechanical 
strength. It was felt that the higher strength exhibited by the 
SAE 4340 steel would accentuate any shape effects which might be 
observed with the lower strength Mayari-R steel. 

The dimensional details of the flexural-fatigue test specimens 
are shown in Figs. 2 and 3; these were all cut from */,-in-diam bar 
stock; flats were milled on top and bottom to provide gripping 
surface for the testing machine. 

The modified diamond section, Fig. 3(d), was prepared by re- 
moving from the extreme fiber of the diamond section the opti- 
mum amount to give the theoretically strongest beam. For ex- 
ample, the section modulus for the diamond shape was 


T/c = 0.1178 d 


in which d is the width of the side in the diamond section. By 
removing one eighteenth of the diagonal depth from both the top 
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and the bottom, the section modulus for the diamond section 
became 


I/c = 0.1248 d’ 


which represents approximately 51/2 per cent increase in elastic 
flexural strength. For the square section (with the neutral axis 
of bending parallel to one face) the section modulus was 


I/c = 0.1667 d® 


in which d represents the length of the side of the square. 
Specimens of all four shapes, Figs. 2 and 3, were formed by 
machining the test section with longitudinal cuts, using a milling 
cutter having a 3-in. radius. A set of specimens of SAE 4840 
steel with the round critical section, Fig. 2(c), was also prepared 
by turning with a single-point too] in a lathe (following the usual 
procedures for rotating-beam specimens), since the results of the 
first tests on round specimens seemed to indicate that a difference 


TABLE 1 CHEMICAL COMPOSITION AND MECHANICAL 
PROPERTIES OF MAYARI-R STEEL 
CHEMICAL COMPOSITION 
Per cent Per cent 
Carbon ae saates 0.10 INiekellcscinerrsareeramiotene 0.35 
Manganese: |. A. sie. ste 0.76 Chromium). seieecnione 0.67 
Sulphur, .ceee ror o 0.028 Wopper sane eins feta 0.58 
BUIGON oe heh crc ances 0.34 Phosphorus vorcsceue 0.096 
MECHANICAL PROPERTIES” 
Wipper vieldvpOInts Dsl. cece atte cette teeta nie stati 54800 
Lower, Vieldi Point, Peis des ose sow eee nioepareeiahencate 52600 
TONSUeS StTED LO DSLsass che obs ee ceresolboaieisiertcele ohecaneraane 75200 
‘Hlongationin 2s per Conese ci. sed cemcaccelecene Soule 
Rediictionsofiareay percents mecineeiaciess ockonidtan cn icie 73.0 
Brinellthardness;numbersenss. cee. cone ee ene 147 


Heat-TREATMENT 
Normalized at 1600 F 


@ Fach value represents the average of three tests. 
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might exist between the results obtained from milled and from 
turned surfaces. 

All round specimens were polished by means of emery paper 
wrapped around a rotating cylindrical bar which was moved 
slowly along the specimen by hand while the specimen was turn- 
ing slowly ina lathe. For successive grades of polishing paper the 
direction of rotation of the specimen was reversed to change 
the direction of abrasive scratches; the final polishing scratches 
were parallel to the longitudinal axis of the specimen. All other 
specimens were polished by hand with scratches from successive 
papers being generated at right angles and finishing with a longi- 
tudinal motion with No. 2/0 paper slushed with machine oil. 

All fatigue specimens were subjected to completely reversed 
cycles of flexural stress in Krouse plate-fatigue machines. In 
operation of these machines one end of the specimen is clamped 
rigidly in a vise B, and the other end is reciprocated vertically 
by means of a connecting rod and eccentric crank mechanism, 


TABLE 2 CHEMICAL COMPOSITION AND MECHANICAL 
PROPERTIES OF SAE 4340 STEEL 
CHEMICAL COMPOSITION 
Per cent Per cent 
Carbon aceein sie ocd 0.39 @hromium7j ace ert 0.72 
Manganese............ 0.66 INICKG] Ss ceree.ctenag ie ered 1.72 
Phosphoriisne.ceeeeee een OnOL2 Molybdenum... 60.22" (O8S5 
Sulphurtoacaeee tie OUOLs 
MECHANICAL PROPERTIES? 
Upper yield) point, psi. ....01- <0 ovina one eis ante ieee 137500 
Loweryield point;; D8icescs gs «cnr eatoeteere thee auctor 133000 
Tensile strength; pstiiiccov cc one oeirncmiae eae suemereteite 148800 
BMlongation in2 ines percent... sereeiiem as ccm ceeenee 20.9 
Reduction of area. per Cont. nen ae eine mie cee 62.0 
Brinell hardness number j:)a%.c.s icine oo ele ctemisioele 322 


Heat-TREATMENT 
Quenched in oil from 1525 F, tempered at 1150 F, cooled in air 


° Each value represents the average of five tests. 


TENSILE STRESS, in 1000 psi. 


2 Inch gage length 
O.S. Inch diameter 
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6-= 
(c) ROUND SPECIMEN 


DIMENSION SAE 4340 MAYARI-R 
d 0.32 0.40 
, Se. oe. 
L Nt 10§ 


Fic. 2 SPECIMEN FoR CANTILEVER BenpinGc MacHINe 


$= 1667¢° + = 0962 a° 
(a) SQUARE SECTION (b) ROUND SECTION 


NEUTRAL 
AXIS 


4 =.1243 a 
(d) MODIFIED DIAMOND SECTION 


4-178 & 
(c) DIAMOND SECTION 


Fig. 3 Various Cross Sections Usrep 1n Tests 


Fig. 4. A dead weight required to produce the desired stress in 
the critical section S, is applied to the pin P, in the clamp C, 
with the connecting rod AP disconnected and swung out of 
position. The deflection is noted on the dial indicator D, for 
both upward and downward loads of the desired amount. The 
connecting rod AP is then coupled (as shown in Fig. 4), and the 
eccentric cam A adjusted to provide the same deflections of the 
dial indicator. For each revolution of the motor a completely 
reversed cycle of end deflection of the specimen is applied. 

In order to check the stability and accuracy with which maxi- 
mum stresses were reproduced throughout the duration of a test, 
the machines were stopped periodically and a recheck made of 
the deflection corresponding to the desired dead weight. 


Fic. 4 Krovusr Prate-Faticun Testing Macuine 


RESULTS OF THE INVESTIGATION 


The results of the fatigue tests on Mayari-R and SAE 4340 
steels are plotted in the form of S-N diagrams in Figs. 5, 6, and 7. 
A summary of the fatigue limits obtained for these four shapes of 
cross section is given in Table 3, for the two steels. It will be 
noted that for each steel the round specimens exhibited fatigue 
limits appreciably greater than those obtained for the other three 
shapes tested. By utilizing the strength of the round specimens 
of each material as a ‘‘par” value, the relative fatigue limits for 
the various shapes of specimen are compared in the last two 
columns of Table 8. These ratios indicate that for either steel 
the general trend of decreasing endurance limits was in the 
following order: (a) round; (6b) diamond; (c) modified diamond 
and square, 

A comparison of the endurance limits for the square and the 
modified diamond cross sections reveals the fact that their 
strengths were almost the same, and that their relative order of 
strength was reversed when comparison is made between the tests 
on the two different steels. Thus it may be inferred that there 
was little, if any, difference between the strengths exhibited by 
the square and the modified diamond beams. 

Possible Factors Contributing to a Shape Effect for Beams. In 
seeking an explanation for these apparently paradoxical differ- 
ences in fatigue strength, the following concepts have been re- 
viewed in a search for a possible explanation: 


1 From a statistical viewpoint, the relative amount of ma- 
terial subjected to stresses greater than a certain percentage of 
the peak stress may influence the initiation of failure. 

2 Possible regions of stress concentration or “sore spots,” 
or the presence of highly stressed fibers that lack lateral support. 

3 The presence of varying amounts of residual stresses in the 
various shapes which may be altered by the differences in manu- 
facturing operations or processing. 

4 Alterations in the mechanical properties of the surface 
fibers caused by differences in the amount of cold-working in the 
machining operations (and not entirely removed by polishing). 

5 The effect of the shape of cross section in controlling the 
relative extent of “localized” inelastic action occurring on the 
extreme fibers of the beam. 


The possible contributions of each of these items to the various 
differences in fatigue properties as noted in the tests will be dis- 
cussed briefly. 

By comparing the relative amount of material subjected to 
the peak stress in each of these cross sections and the sore spots 
(possible points of stress concentration), one finds that the round 
shape has a relatively small amount of material at peak stress, 
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TABLE 3 INFLUENCE OF SHAPE OF CROSS SECTION ON . . : . 
FLEXURAL FATIGUE STRENGTH and does not contain sharp corners which may result in localized 


stresses due to outward projecting fins, or from nicks or scratches 
crossing the sharp corners. On the other hand, the diamond 
shape, with the minimum amount of material at peak stress, has 


(Completely Reversed Cycles of Stress) 
Test Resuutts ror Mayari-R SPECIMENS 


Rati Per cent reduc- : : x 
Fatigue i fetieue bie ie atrength one sharp corner which comprises the extreme fiber. This corner 
limit, limit to that (based on round ‘ : a ee 
Sestimonishans a tea  pacinien) may lead to sore spots from which failure may initiate for two 
ened nedy ec smi 50000 1.00 0 reasons, namely, (a) it is impossible to produce a sharp corner 
Square (milled)............. 46000 0.92 8 without some small intersecting scratches which may be effective 
Diamond (milled)........... 48000 0.96 4 . ‘ 0 i : 
Modified diamond (milled)... 44000 0.88 12 as stress raisers, and (b) the outward projection is entirely un- 


supported except for the thin layer of metal below it, which in 
turn is rather highly stressed. Therefore this unsupported edge 

Henne (fume sees Se ps aoe g may be subjected to a localized buckling action during the com- 
Panaretaulied), atts imi: #2 : eonoe Rg ee ip S pressive portion of a stress cycle. On this basis it seems reasona- 
Modified reed) (milled)... 82000 0.91 8.9 ble that round specimens might develop a higher fatigue limit 
than those of diamond shape or other types with sharp corners. 

@ Method of machining. In order to facilitate comparison of the relative amounts of 


Test Resuuts ror SAE 4340 Srex, SpeciMENs 


ey 


DOLAN, McCLOW, CRAIG—SHAPE OF CROSS SECTION, FLEXURAL FATIGUE STRENGTH OF STEEL 473 


material in the extreme fibers of these various shapes, the data in 
Fig. 8 are of interest. The ordinates in this figure indicate the 
depth in inches below the test surface for each type of specimen, 
and the abscissas represent the corresponding cross-sectional area 
lying between the extreme fiber and that depth. It is reasona- 
ble to presume that the failure is initiated in the outer fibers of 
the specimen at a depth not greater than about 0.004 in. For 
depths less than this amount the square shape has the greatest 
amount of material at peak stress; the order of decreasing magni- 
tude (for amount of material at peak stress) for the other shapes 
has the following sequence: modified diamond, round, and dia- 
mond. Thus, by comparison with Table 3, the fatigue strength 
varies in a general manner inversely as the amount of material 
at peak stress. 

In opposition to the thought that the amount of material at 
peak stress controls the fatigue limit, there are two instances in 
these tests for which the reverse tendency appeared, namely, (a) 


DEPTH BELOW TEST SURFACE, inches 


at ONS Bese e SER a 


g 
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Square Section 


Fig. 8 Revative AREAS OF EXTREME FIBERS IN CROSS SECTIONS OF 
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the round specimens exhibited a higher endurance limit than 
the diamond shape, and (b) the fatigue limits for the square beams. 
and for the modified diamond beams were practically the same,. 
in spite of the fact that there was an appreciable difference in the 
volume of metal exposed to the peak stresses (in the extreme 
fibers) for these latter two shapes. It should also be kept in mind. 
that both the modified diamond section and the square section: 
have two sharp corners projecting outward from which failure 
may be initiated. The exact stress (including residual stresses) 
in the region of the corner of any of these shapes is unknown and 
difficult to evaluate, but it seems reasonable to assume that any 
abrupt change in shape may leave protruding fibers that may ini- 
tiate fracture in these regions. 

Metallographic examinations of the different specimens indi- 
cated that the diamond and modified diamond shapes did not 
have true sharp corners with fiat plane faces. These projecting 
corners were found to have been rounded slightly in polishing, 
but this was desirable in order to remove any sharp fins of frag- 
mented material. The cutting operations and cold-working in- 
volved in the machining of any specimen develop unknown: 
amounts of residual stress in the surface layers which may be: 
either of a macro (large-scale) or of a micro (small-scale) nature. 
In polishing a fatigue specimen, the removal of sufficient surface- 
layers will reduce the surface residual stresses (4). However, no 
suitable methods exist today for measuring these residual stresses 
or of determining whether they have been removed. 

A series of micro-indent (Knoop) hardness surveys were made 
on a number of test specimens to detect any hardness variations 
(strain-hardening) which might be a clue to the presence of (ac- 
companying) residual stresses. Specimens with outward project- 
ing corners might be particularly susceptible to the alteration of 
their physical properties by cold-working (and also to the de- 
velopment of residual stresses) owing to the fact that the pres- 
sures of cutting tools were applied in two different directions to 
the protruding corners. For the round specimens, conversely, this 
condition would not exist during the machining operations. 

The microhardness surveys were made on transverse cross 
sections with particular attention being given to the material near 
the surface. However, the Knoop hardness values plotted in 
Figs. 9, 10, and 11 do not indicate any consistent increase in 
hardness near the surface. Only a small amount of material is 


examined at any one indent and hence random variations are 
to be expected. 

The upper shaded area in Fig. 9 indicates the range of hardness 
found in pearlitic areas in the Mayari-R steel, and the lower 
shaded area shows the smaller spread of lower hardness found 
in ferrite grains or colonies of grains. 
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vious observations that hardness will vary within a material, 
between different crystals, and also with different orientations and 
locations within the crystal itself (5). It will be noted that the 
variations in hardness from the center to the test surface fall en- 
tirely between these two bands and show no abnormal increase 
in the hardness of the surface crystals. 

In Fig. 10 is shown a comparison of hardness surveys obtained 
on round SAE 4340 steel specimens produced by milling and pro- 
duced by turning in a lathe. No correlation seemed to exist be- 
tween the minor variations in hardness, and the differences in 
machining procedure used to form the specimen. In Fig. 11 
three parallel surveys of hardness values from the outer surface 
to the center of a round milled specimen of SAE 4340 steel are 
plotted. Nevertheless, the random or erratic variations in hard- 
ness at each station fall within a fairly consistent band but exhibit 
no definite change in hardness of surface layers as compared with 
the material below the surface. Metallographic examination of 
the edges of transverse sections cut from the critical sections of 
several specimens did not show visual evidence of appreciable 
plastic deformation remaining from the machining operations. 
Thus it was felt that no plausible explanations for this shape 
effect in fatigue could be based on hardness variations or the 
presence of residual stresses resulting from cold-working in 
machining. 

Tentative Explanation for Influence of Shape of Cross Section. 
Several investigators in recent years have supported the hy- 
pothesis that initial plastic yield under static loads occurs at a 
higher stress when a stress gradient exists (as in a beam) than the 
yield point for the same metal, when subjected to a uniformiy 
distributed stress. Based on this assumption, it has been sug- 
gested (8) that a shape factor exists for the determination of 
yield strength in static flexural tests. However, further evidence 
indicates (9, 10) that the stress at which general yielding occurs 
in the extreme fibers of a beam is the same as that for the same 
metal under a uniform tensile stress, that is, the yield stress is 
not modified by the presence of a stress gradient. 
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The extent to which general plastic deformation progresses 
into a beam at loads above that which initiates yielding is, how- 
ever, a function of the shape of the beam, Fig. 12. It is therefore 
probable that the microscopic, heterogeneously distributed in- 
elastic actions that accompany the development of progressive 
fracture may likewise be influenced to some extent by the shape 
of cross.section (or distribution of metal in the most highly 
stressed regions of a beam). 

As evidence of variations in inelastic action at stresses above the 
yield point, Fig. 12 illustrates the theoretical curve of Morkovin 
and Sidebottom (10), in which the ordinates represent the ratio 
of the actual bending moment on the beam to the bending mo- 
ment required to initiate yielding, and the abscissas represent the 
ratio of strain on the extreme fiber to the strain corresponding to 
the yield point. These curves are applicable to beams made of 
material with an abrupt yield point (horizontal tangent to the 
stress-strain curve at the yield point). 

It will be observed that beams with the smallest amount of 
material on the extreme fiber (at peak stress) exhibit the smallest 
departure from linearity of load to strain for loading conditions 
above the yield point. However, the inelastic behavior of the 
metal is modified to some extent for materials which exhibit an 
upper yield point (as well as a lower yield point) in a static tensile 
test. 

This modified behavior for a beam made of material having an 
upper yield point is illustrated by the curves in Fig. 13 in which 
the co-ordinates again represent ratios of the bending moment 
and strain, respectively, to the corresponding values at the lower 
yield point. The normal behavior for a beam “without stress 
raisers’ would be to follow the linear relationship of moment to 
strain along the line OAC with no yielding until the load corres- 
ponding to the point B (upper yield point) is reached. Initial 
yielding corresponding to the conditions represented at point B 
creates a plastic wedge which acts as a stress raiser and leads to 
further propagation of yielding. Thus a condition of instability 
is created, and further yielding will progress at stresses equal to 
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the lower yield point of the material under constant loads as rep- 
resented by the horizontal line CD, Fig. 13. However, the mag- 
nitude of the upper yield point exhibited by the material is con- 
trolled by the severity of the localized stresses present which 
arise from inherent stress raisers, inclusions, surface irregularities, 
and method of loading. It would be possible for the same beam 
with stress raisers (such as a roughened surface) to follow the 
moment-strain curve OAFD, or any intermediate curve between 
lines ACBD and AFD. Initial yielding will start at the point A, 
corresponding to the lower yield point of the material, if the 
stress concentration is sufficiently acute. 

Morkovin and Sidebottom also reported that outward project- 
ing corners on a beam acted as nuclei from which localized plastic 
yielding branched out or was reflected along diagonal lines in the 
outer surfaces of the beam. No similar concentrations of strain 
or branching of plastic zones was observed for round specimens. 

At first hand it may be difficult to visualize how the foregoing 
discussion applies to the actions progressing in fatigue tests in 
which the “nominal” computed stresses are considerably below 
the yield point of the material. However, it is obvious that 
the nominal stresses do not give a true index of the actual “local- 
ized stresses” developed by the individual crystals which are re- 
sisting the external loading. In a polycrystalline material, the 
nominal stress represents only the statistical average; the dis- 


tribution of stresses on individual crystals will vary over a 
wide range above and below the nominal computed stress. 
It is highly probable that a number of the crystals in the surface 
fibers may either be favorably oriented for inelastic action or 
subjected to localized high levels of stress with corresponding 
strain conditions equivalent to the upper portions of the curves 
in Figs. 12 and 138. Thus localized inelastic actions progressing 
on a microscopic scale may in turn be influenced by the shape of 
cross section of the beam. 

One might postulate, therefore, that a certain proportion of the 
crystals could be strained by an amount equivalent to that 
shown by the vertical line CC in Fig. 12. If it be assumed, as: 
has been done by Orowan (6), that the mechanism leading to 
fatigue fracture is related to a critical amount of localized inelastic 
deformation, the line CC may be used as representative of a 
criterion for fatigue failure, and corresponds to the strain condi- 
tion in localized crystals of the beam when repeatedly stressed at 
the endurance limit of the member. 

By applying these observations to the present fatigue tests, it 
appears probable as a tentative hypothesis that the shape effects 
as noted in Fig. 12, were of influence in controlling the localized 
plastic actions, but since the materials employed in the fatigue 
tests had upper yield points, the modification in action portrayed 
in Fig. 13 must also be taken into consideration. Based upon 
these two concepts, the round beams which have little tendency 
to propagate appreciable inelastic action and which also have no 
stress raiser of geometric origin on the extreme fiber, should have 
exhibited the highest fatigue strength. 

The diamond shape normally would resist somewhat greater 
static loads without a corresponding amount of inelastic action 
if the material did net display an upper yield point. However, 
for material exhibiting an upper yield point the fatigue limit 
probably was lowered by the stress-raising effect of the outward 
projecting corner (promoting inelastic action), and by the greater 
tendency for this sharp corner to act as a nucleus for the spread 
and reflection of slip. By following this comparison further, the 
modified diamond shape should be somewhat stronger than the 
rectangle, but somewhat weaker than the circle and diamond. 

A load-strain diagram for the modified diamond shape (if 
added to Fig. 12), would fall somewhere between the diamond 
and the square shape, probably slightly below that curve repre- 
senting the circular cross section. It also has two outward pro- 
jecting corners which would make it behave in a manner struc- 
turally equivalent to that of the square shape. 

On the basis of this reasoning, it appears logical to expect 
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that beams having different shapes of cross section should exhibit 
different fatigue strengths; the relative magnitudes of the en- 
durance limit for each shape cannot be predicted accurately 
by any simple formula. In addition to the actual shape of cross 
section, several other strength factors influencing the fatigue 
limit might include: (a) the ratio of yield point to ultimate 

* strength, (b) some parameter expressing the shape of the stress- 
strain curve in the region of the yield point, and (c) a considera- 
tion of whether the material exhibits an upper yield point. 

In the foregoing explanation the tacit assumption has been 
made that localized inelastic action on a microscale induced by 
repeated stressing in the surface fibers contributes to fatigue 
damage, and that fracture results when these localized plastic 
actions exceed a certain level. While these assumptions are not 
susceptible to direct proof, there exists a great deal of experi- 
mental evidence that fatigue fracture is preceded or accompanied 
by plastic slip. This may be considered an indication that in- 
elastic action due to repeated stressing is damaging in fatigue. 
The concepts of fatigue failure, outlined by Freudenthal and 
Dolan (7), also emphasize the fact that the first stage of failure in 
fatigue is that of crystal fragmentation (inelastic action) on a sub- 
microscopic scale. 


CONCLUSIONS 


Laboratory studies indicated that the flexural fatigue strength 
of a member was influenced to an appreciable extent by the shape 
of cross section; steel beams of circular cross section exhibited 
fatigue limits 8 to 10 per cent greater than the fatigue limits 
of beams of square cross section. Beams having a diamond cross 
section (square beams stressed with the neutral axis as a diagonal 
of the diamond) exhibited endurance limits from 4 to 8 per cent 
less than the round beams. 

The susceptibility to localized inelastic action, as governed by 
the shape of cross section and by the presence of sore spots, 
such as outward projecting corners, is tentatively believed to be 
the primary element leading to the reduction of fatigue strength 
of the square and diamond shapes to values below that for the 
round. While the other factors (residual stresses, alterations of 
properties due to machining, and statistical aspects of the amount 
of material subjected to peak stress) may have been of some in- 
fluence in these tests, it is felt that their effect on the fatigue 
strengths of beams of the shapes studied were of a minor nature. 
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Discussion 


P. K. Roos.® The authors point out that independent in- 
vestigators have also reached the conclusion that rectangular 
beams are weaker than rourid beams when tested in the same 
fatigue machine. For the reader’s convenience, the comparable 
data in reference (12), one such investigation, is summarized; 
the material tested was an SAE 4340 steel with a yield point of 
107,000 psi and an ultimate strength of 127,000 psi; the machine 
was a Sonntag universal fatigue testing machine which tested 
specimens in pure reversed plane bending at 1800 reversals a 
minute; the comparable round and flat specimens tested had 
critical depth of beam dimensions of 0.30 in. compared to the 
0.32 in. of the foregoing investigation. 

Using the Dolan, McClow, Craig concept of the fatigue strength 
of the round specimen as a “‘par’’ of 1.00, the Roos, Lemmon, 
Ransom investigation’ gives a ratio of 0.92 for their flat speci- 
mens as compared to 0.89 for the present square specimen. Since 
the flat specimen had rounded sides, the corners were less severe 
“sore spots” than the corners in the square beam. 

This thorough investigation certainly justifies the conclusion 
that the shape factor is the primary element leading to a re- 
duction of fatigue strength, and, as immediate help to the de- 
signer, this is important. However, the concept of the statisti- 
cal effect of the amount of material subjected to peak stresses as a 
fundamental part of the fatigue problem needing investigation, 
should not be forgotten. 
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to the discussion of this rather intriguing ‘‘shape effect” in 
flexural fatigue tests. 

In spite of the fact that the tests quoted by Professor Roos 
were conducted in a different laboratory, utilizing different types 
of fatigue machines and heat-treatment of material, it is re- 
assuring to know that they obtained a similar reduction in fatigue 
strength of the flat or rectangular specimen as compared with the 
“par” value for a round cross section. 

The seriousness of this shape effect is more dramatically 
emphasized by the pronounced variations in fatigue strength of 
75S-T6 aluminum alloy, obtained recently by Oberg and Rooney 
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(11). These authors obtained values of 29,000 psi for the en- 
durance limit of a round specimen as compared with 21,000 psi 
for a square specimen, and 17,500 psi for a rectangular specimen 
(whose width was three times the depth). Thus for this alumi- 
num alloy the rectangular specimen exhibited a strength 40 per 
cent less than the par value obtained for a round specimen 
tested in the same machine. Much further work needs to be 
done to appraise the seriousness of (and to enable the designer 
to predict) these shape effects. 

The authors agree that the statistical effect of the amount of 
material subjected to peak stresses is a fundamental part of all 
problems involving strength of materials, which should not be 
neglected in applications to shape effect in fatigue. In the 
present tests, however, the statistical effect evidently was not 


the primary controlling factor, or the strengths of the various: 
members tested would have been greatest for the diamond shape, 
next greatest for the round and modified diamond shapes, and’ 
the square cross section would have been by far the weakest of 
the group. Since the diamond cross section actually proved to 
be somewhat weaker than the round cross section, it was con- 
cluded that other factors of the test condition must have had a 
greater influence on the results than did the statistical effects of 
amount of material at peak stress. 

The authors hope in the future to be able to conduct similar 
tests on somewhat the same shapes of cross section but with the 
critical section of greater size than in the present investigation, 
which should help to clarify some of our concepts of the factors. 
contributing to this shape effect. 
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Hide-Out of Sodium Phosphate 


in High-Pressure Boilers 


By F. G. STRAUB,! URBANA, ILL. 


A study has been made to explain a type of hide-out of 
sodium phosphate in steam boilers operating at about 1700 
psi. This has shown that an insoluble form of a sodium 
phosphate is stable at temperatures above 620 F. This 
type of phosphate is scale-forming and is resistant to heat 
transfer. This sodium phosphate does not have the prop- 
erties corresponding to those of the sodium phosphates 
normally encountered in steam-boiler water. Analyses by 
chemical means, x rays, and petrographic all indicate 
that this is a different form of sodium phosphate. Tests 
indicate that no insoluble potassium phosphate is formed 
and, if suitable potassium-to-sodium ratio is maintained, 
this insoluble salt will not form. 


pressure of about 1600 to 1700 psi with loss of phosphate 

from solution while on steady load. This phosphate re- 
appears in solution when the boiler rating or pressure is reduced. 
This condition was explained at first as so-called hide-out of 
phosphate due to conditions of circulation. However, a further 
study of the problem indicated that this was not the normal hide- 
out of phosphate. During operation of the boiler the phosphate 
was added continuously along with sodium hydroxide so as to 
keep a residual of about 20-40 ppm as NasPO, and a pH around 
11. When the boiler rating was reduced, the soluble phosphate 
would increase to around 200-300 ppm, but the free hydroxide 
would be reduced from around 40 ppm to 0 ppm. This loss of 
phosphate with its subsequent reappearance accompanied by the 
loss of hydroxide indicated that it was not hiding-out as tri- 
sodium phosphate, but as a form more on the acid side, like mono 
or disodium phosphate. 

After 2 or 3 months of operation, difficulty was experienced in 
the boiler because of failures in wall tubes. These tubes bulged 
with no indication of corrosion on the water side. Heavy de- 
posits of calcium and sodium phosphate were found on the water 
side of the tube facing the furnace. 

When the boiler pressure was reduced for a short period of 
operation to around 1300 psi, this peculiar type of phosphate hide 
out did not take place. The absence of this action at lower pres- 
sures indicated that there might be a complex sodium phosphate 
of low solubility which was forming at the higher temperatures, 
but which was not stable at the lower temperatures. The possi 
bility was considered that the calcium-phosphate sludge adhering 
to the wall surface might increase the temperature under the 
sludge to a point where the insoluble phosphate could form. 
Conditions were such that a complex sodium-calcium phosphate 
deposit also might be forming. 


Ses difficulty has been experienced in boilers operating at a 
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LaBoratory INVESTIGATION 


A laboratory investigation was undertaken to determine 
whether this reaction could be duplicated, and if so, to study the 
conditions causing the reaction. A small laboratory boiler, as 
shown in Fig. 1, was used. Heating was accomplished by means 
of electric resistance wire wound on the heating tube over a thin 
layer of alundum cement. The tubes were 1 in. ID X 13/s in. 
OD. The wire was wound on the tube for a length of 7in. The 
heat input was approximately 50,000 Btu per sq ft per hr cal- 
culated on the inside area of the tube. In order to secure cir- 
culation in the tube, a smaller tube 0.75 in. OD X 0.68 in. ID was 
inserted inside it. This inner tube was placed so that it had 
clearance at the bottom and extended well above the heated area. 

The steam-water mixture traveled up the space between the 
tubes and water traveled down the inside of the inner tube. The 
presence of circulation in this area was indicated by the fact that 
the temperature gradient from the outside of the tube to the 
water in the main part of the boiler remained constant, at a value 
around 30 to 40 F. A thermocouple was peened into the outer 
surface of the heating tube at the center of the tube so as to 
measure the outside temperature of the heating tube. A thermo- 
couple well was placed in the boiler directly above the outlet of 
the water coming from the heating tube into the main water- 
storage section. This is referred to as 7, and that of the outside 
of the heating tube as 7». 

The boiler held about 8 liters of water when cold. In order to 
operate at a constant heat input, a fan was directed so as to blow 
air on a bare steel tube on the top of the test boiler. When 
the temperature of the boiler water increased above the desired 
temperature, a temperature controller turned the fan on, and 
when the temperature was too low, it turned the fan off. 
This means of control allowed operation which would return the 
condensed steam without use of a pump. Since no steam was 
removed from the boiler during the test period, it was not neces- 
sary to have any make-up. The chemicals to be added during 
the test were pumped in solution into the main drum of the 
boiler. 


Borter TEsts 


In order to test the boiler a solution of sodium hydroxide (1000 
ppm) in distilled water was added to the boiler. The boiler was 
operated at temperatures from 400 F (250 psi) to 690 F (2900 psi) 
with constant heat input. The temperature drop (7, — 7) 
was 30 F throughout the test and the concentration of so- 
dium hydroxide also remained constant. This indicated that 
the hydroxide was evenly distributed throughout the test and 
that there were no localized spots in which concentration of the 
chemical might take place. 

The inner tube was removed, and the boiler was run with a 
solution of sodium hydroxide, phosphate, and chloride in the 
boiler water. Table 1 gives the data collected during this test. 
After running 2 hr at 500 F, there was but slight temperature in- 
crease of the heating tube. When running at higher tempera- 
tures there was a slight increase of (7, — 71), but a marked de- 
crease in all the chemicals in solution. At the end of the test the 
heating was stopped and the contents of the boiler removed 
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TABLE 1 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT AND NO FILLER IN TUBE 


(T:— T; = temperature differential from outside heating tube to water temperature in boiler) 


Boiler Temp Heat Input 
Time Hours SF Ps <sT Amp 6. NaOH _PO, NaCl pH. 
2 500 35 26 85 870 498 11.4 
4 525 42 26 43 820 430 11.4 
22 550 50 26 55 440 359 11.5 
24 610 45 26 18 172 153 11.5 
26 610 45 26 3 38 76 11.2 
28 610 45 26 12 10 88 10.8 
Shut off heat and blow water from boiler while hot. Tube No. 4. 
TABLE 2 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 
(T,— T, = temperature differential from outside heating tube to water temperature in boiler) 
Time Bol igr Heat Input 7 
Hours RemDeneek Tz - Ty Amp Be NaOH PO, NaCl 
1 380 35 27 366 750 222 
1? 550 40 27 372 2770 218 
20 605 40 26 360 ' 740 222 
22 605 40 26 360 750 218 
24 650 85 27 415 300 222 
40 .650 110 27 480 140 218 


while the boiler and tube were hot. When the tube was re- 
moved and cut in half, a heavy hard deposit was found at the 
lower end of the heated area of the tube with no deposit at 
the middle of the tube or above. Since 72; was measured at the 
middle of the tube, no appreciable indication of the deposit on 
the inside of the tube was detected. Analyses of this deposit 
gave the following results: 


Per cent 
Fe = 0.11 
PO. = 60.32 
Cl = 0.42 
Na = 40.16 


Total 101.01 


The theoretical composition of NasPO, is 58 per cent PO, and 
42 per cent Na. These results indicate that without the inner 
tube there is very little circulation in the tube, and that the steam 
leaving the tube causes the material dissolved in the boiler water 
to concentrate slowly until the solubility point of the salts is 
reached. At this point the insoluble excess salt crystallizes on 
the heating surface near the bottom where the concentration is 
highest. This test indicated that at 610 F, anhydrous trisodium 
phosphate was the stable phosphate. It also indicated that 
insertion of the inner tube aided in establishing circulation of 
boiler water through the heating tube. 

The inner tube was replaced and the boiler was operated 
with a solution of sodium hydroxide, phosphate, and chloride 
in distilled water at temperatures from 380 to 650 F. Table 2 
gives the results of this test. These results show that for water 
temperatures up to 605 F (1600 psi) there was no appreciable 
change in (72 — 7), or the concentration of the various salts in 
solution. At 650 F (2200 psi) (72 — 71) increased, accom- 
panied by a loss of PO,, an increase in NaOH, and no change in 
chloride. This indicated the hide-out of a sodium phosphate salt 
lower in sodium content than trisodium phosphate. 


Table 3 gives the results of a similar test to determine the 
temperature at which the PQ, starts to decrease. This test 
indicated that at 600 F there was no change in (7, — 7), PO,, or 
NaOH, but at 618 F, (T2 — T1) commenced to increase, with a 
loss in PO,, and an increase in NaOH. At 670 F the phosphate 
had been reduced from 980 ppm to 40 ppm. The boiler was then 
cooled to room temperature and reheated to 528 F. The phos- 
phate and the (7, — 7,) returned to normal. This indicated 
that the sodium-phosphate compound had formed on the heating 
surface at a temperature of 618 F (1750 psi) and above, but had 
redissolved when the boiler was operated at 528 F. 

Another test was conducted in which sodium sulphate was 
added along with the phosphate, hydroxide, and chloride. Table 
4 gives the results of this test. The phosphate again began to 
decrease at 620 F (1790 psi), with an increase in (T2 — T,). No 
reduction in the chloride occurred throughout the test, but the 
sulphate commenced to decrease at a temperature of 638 F with a 
loss of about 300 ppm at 675 F. When the run was finished, the 
heat was shut off and the contents of the boiler blown out while 
the water was still at the higher temperature. The heating tube 
was removed and cut in half (lengthwise). A deposit of a hard 
gray-white crystalline material was found evenly distributed 
throughout the area of the tube subjected to heat input. No 
deposit was found on the ends of the tubes which were not sub- 
jected to any heat input. 

About 7.6 grams of this material was present on the heating 
surface. 

A chemical analyses of this material gave the following results: 


Per cent 
Sodium (Na) ....... 31.78 
Phosphate (PO«) .... 41.08 
Sulphate (SO4)...... 17.99 
Trony (hie) einer. 0.19 
Totalaavnecccnh cea Ole Os 


Ss 


Time B5oiler 
Hours Temp ° F 
1 500 
3 559 
5 600 
19 618 
23 628 
26 625 
27 635 
43 635 
46 650 
50 650 
real 650 
76 670 
78 670 
95 670 
2 510 
18 528 
Time Hours Boiler 
Temp. ° F 
1 525 
21 560 
23 610 
24 620 
41 620 
46 630 
49 630 
66 638 
68 638 
70 648 
73 648 
90 655 
92 665 
94 665 
97 675 


Shut off heat and blow water from boiler while tube is hot. 
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_ TABLE 3 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 


(T: — T, = temperature differential from outside heating tube to water temperature in boiler) 


T, - 
40 
50 


125 
125 


gy Heat Input Amps. 


vate 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
25 
26 
26 
26 
26 


NaOH 


177 
abil 
Beate 
232 
256 


PO, 


NaCl 
435 
427 
438 
438 
42? 
427 
427 
427 
427 
427 
427 
427 
427 
450 
427 


427 


TABLE 4 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH CONSTANT HEAT INPUT 


(T:— T, = temperature differential from outside heating tube to water temperature in boiler) 


Heat Input 

T3 -T Amps 
55 26 
60 26 
50 25 
60 26 
80 25 
80 25 
88 25 
130 25 
130 25 
152 25 
150 25 
185 25 
185 25 
185 25 
185 25 


NaOH 
525 
575 
566 
555 
605 
598 
695 
640 
640 
646 
680 
654 
670 
665 
670 


PO. 


990 
970 
990 
880 
710 
650 
610 


20 


NaCl 
415 


408 
410 


About 7.6 grams of scale on heating surface. 


1330 
Tube No. 3. 


pH 

11.5 
TAS 
11.5 
11.5 
11.6 
15 
11.5 
11.6 
11.6 
11.6 
11.6 
11.7 
11.7 
11.6 
11.6 


481 


482 


An x-ray diffraction analysis made by the Allis-Chalmers 
Manufacturing Company was reported as follows: “The deposit 
from Tube No. 3 from the laboratory test boiler gave quite a 
simple x-ray diffraction pattern, but we were not able to make an 
identification either from our Jibrary or from the ASTM card 
index. An incomplete chemical analysisindicated about 18 per cent 
sodium sulphate and 52 per cent disodium phosphate. The diffrac- 
tion patterns, however, for both of these compounds are rather 
complex and none of the lines for either of these was found in the 
simple pattern. This would indicate that the two were present 
in the form of a double salt, crystallizing in rather simple form, 
perhaps the cubic system.” 

The sulphate was added in this test, since it is known that 
sodium sulphate has a decreasing solubility at higher tempera- 
tures. The phosphate decreased in concentration and deposited 
on the tube long before the sulphate began to decrease in concen- 
tration. 

In order to study further the influence of circulation in the 
heating tube, the inner filler used in the tests reported in Tables 
1, 2, and 3 was changed. The diameter was reduced from */, in. 
to5/sin.OD. This changed the distance between the inner and 
outer tubes from 1/s to */;, in. The phosphate started to de- 
crease and (7, — 7’;) to increase again at 620 F (Table 5), while 
the sodium chloride remained constant. After 72 hr, when the 
heat input was reduced from 26 to 23 amp, the phosphate in- 
creased some, but did not return to the original value. When 
the tube was removed and examined the deposit. did not cover the 
entire area of heat input. Deposit occurred on only about the 
middle two thirds of the heating area. 

The deposit appeared to be in two layers. 
layers gave the following results: 


Analyses of these 


Top layer, Layer next to 
per cent tube, per cent 
Sodium (Na))e ener 28.36 31.30 
Phosphate (POs)...... 56.90 58.62 
Tronu(He) epee eicins o 14.96 10.24 
MPO taliracters cee eee tees 100.22 100.16 
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The amount of sodium present is not sufficient to form tri- 
sodium phosphate. 


BorteR Mopiriep ror ADDITIONAL TESTS 


The boiler shown in Fig. 1 was modified to give a different con- 
dition of circulation. Fig. 2 shows the modified boiler. The 
inner tube previously used was removed from the heating tube. 
The tests reported in Table 6 were made using this boiler. These 
results indicate that the reduction of the phosphate and the 
(1, — T,) changes were at a lower rate than on the boiler shown 
in Fig. 1. However, the reduction of the phosphate is evident at 
temperatures of 620 F and above. The deposit found on this 
tube at the end of the test was sent to the Victor Chemica] Works 
for examination. The report was as follows: 


“A microscopic examination of the scale from the pipe section 
submitted showed it to be made up of two materials. The 
greater part was a white amorphous material having a refractive 
index of 1.526. The balance was a very fine amorphous scale. 
This is believed to be due to decomposition of the amorphous 
material. 

“The amorphous material, which was estimated to constitute 
90 per cent of the scale, was obtained fairly pure by first scraping 
off the surface deposit. We did not find this to be readily soluble 
in water. It appears to decompose very slowly in water at room 
temperature, slightly faster when heated to 70 to 80 deg C. It is 
readily soluble in dilute acids and decomposes in hot dilute NaOH 
solutions. The exact composition was not determined, but 
qualitative tests show sodium, orthophosphate and ferrous iron 
to be present in appreciable quantities. From these tests the 
scale is believed to be a sodium ferrous phosphate. Optical 
properties did not identify the scale.” 

In order to study the effect of potassium, as compared to 
sodium, the boiler shown in Fig. 2 was used, and potassium hy- 
droxide, phosphate, and chloride were added. The results of the 
tests are given in Table 7. 

These results indicate that in the absence of sodium, the in- 


TABLE 5 TEST RUN ON BOILER SHOWN IN FIG. 1, WITH 5/s-IN-OD FILLER IN TUBE AND CONSTANT HEAT INPUT 
(T,— T; = temperature differential from outside heating tube to water temperature in boiler) 


Time Boiler Temp Heat Input 
Hours a Amps NOR PO ee Caged 
ab 500 40 26 =24 820 488 11.4 
18 610 50 26 +48 820 488 v6 
22 620 70 26 73 740 488 alah (3} 
25 620 80 26 91 610 488 IL) 
42 620 108 26 116 530 488 ial 
45 620 105 26 140 495 488 1S 
49 620 125 26 214 400 497 URGE 
66 620 120 26 195 395 502 MASS 
72 620 120 26 183 395 497 AO 
90 620 65 25 195 470 497 AY 
95 6206 62 23 202 480 497 Ise 
114 630 120 26 189 315 497 11.8 
119 630 120 26 207 330 502 StL) 
zal 640 120 26 226 280 508 WING 
138 640 135 26 238 175 508 LAS 
142 640 238 26 235 ZA) 508 AGUS) 
145 650 135 26 238 135 511 
162 650 160 26 238 93 511 
165 650 160 26 252 90 fsyili7/ 
186 650 160 26 226 85 527 
190 650 125 23 214 alae) 527 ee 
194 650 125 23 244 143 537 
veal 650 22 26 226 263 527 Inter- 
mittent heat input 
215 660 160 26 226 60 538 11.5 Conetant 
heat input 
218 660 150 26 210 60 538 11.5 Constant 
heat input 
Shut off heat and blow water from boiler while hot, Tube No. 5. 


at 


a 


STRAUB—HIDE-OUT OF SODIUM PHOSPHATE IN HIGH-PRESSURE BOILERS 


483 


TABLE6 TEST RUN ON BOILER IN FIG. 2, AT CONSTANT HEAT INPUT 
(T2— T; = temperature differential from outside heating tube to water temperature in boiler) 


aoe Roto en Temp 4 Heat Input 
a Se ——Amps____s NaOH PO, NaCl pH 
3 600 30 25 30 900 434 11.6 
5 620 35 25 42 865 444 11.6 
22 620 35 25 42 865 4428 1.6 
29 640 35 25 67 865 448 11.6 
47 650 45 25 128 710 458 11.6 
55 650 65 25 189 495 1088 11.6 
73 660 75 25 226 420 458 Tu? 
96 660 65 25 238 390 488 ung) 
120 660 65 25 268 360 488 11.5 
144 660 65 25 310 345 488 ivy6 
156 670 90 25 305 140 aoe 116 
168 670 80 25 300 160 493 11.5 
176 680 100 25 286 70 [Jon T35 
190 680 100 25 293 20 565 11.5 Steam 
leak in boiler 
Shut off heat and blow water from boiler while hot. Tube No. 6. 


Level Contro/s 


Trst Borter No. 1 


Fia. 1 


soluble phosphate will not form. Thus with potassium salts 
present, no appreciable change in PO,, hydroxide, or (72 — 71) 
was noticed even at a temperature of 680 F (2700 psi). When 
sodium is added as sodium chloride, so that the total sodium is 
equal to about 0.2 of the potassium present, hardly any appreci- 
able change in PO, or JT: — 71 was noted. When this was in- 
creased to about 0.5 a loss of PO, and a change in (72 — 71) was 


Lere/ Contro/s 


Sampling 


eating Tube 


Thermocouples 


Fic. 2 Test Borter No. 2 


observed. A further increase to around 1 made a further reduc- 
tion in POy. This appears to indicate that in a closed-cycle 
plant, the use of potassium salts in place of sodium would prevent 
the deposition of the sodium phosphate at the higher temperatures. 
If there was leakage of sodium salts into the system, the sodium 
phosphate could form if the ratio of the sodium to the potassium 
became sufficiently high. 
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TABLE 7 TEST RUN ON BOILER SHOWN IN FIG. 2, USING POTASSIUM SALTS 
(T:— T; = temperature differential from outside heating tube to water temperature in boiler) 


Heue pat Temp. ate 8 olf ak KOH PO, KGL te as pH 
1 510 30 26 0 1000 457 ae alata? 
3 630 43 26 OMmezoy, ya Uy 1P.6 

20 630 45 26 O 1000 453 Bison J 11.6 
22 660 45 26 O 1010 460 Ss, 11.6 
27 680 45 26 OFA 10500 = ae te 
45 680 40 26 0 1120 510 - aE 11.6 
Add NaCl to boiler Water 2 grams - 

46 680 45 26 0 1050 1090 ee 
50 680 45 26 79 1000 1135 my 
Add NaCl to boiler Water 4 grams - 

54 680 80 26 158 470 2600 

66 680 80 26 202 470 2770 

Add NaCl to boiler water 4 grams - 

75 680 85 26 I83 270 4400 

Shut off heat and blow water from boiler while hot. Tube No. 8. 


When the tube was examined, a white deposit was found on the Insoluble material (23.8 per cent by weight): 


heating surface as expected. Bilicavas'SiO>: nere seme ee Se fdas phage 0.5 
Analysis of this material gave the following results: Phosphateas P20: schyisnrs ae eeeeee 6.4 
Tron: as\ He: Oo. cvs odes. aed tee eet UD 37/ 
Per cent Calcium’ asCaQOi. nate ta eee none 
Sodnim. (Na) 5. agence 10.46 Magnesium) as "MgO... oc... sae ance ee nee rei oe) arene 0.1 
Phosphate (PO,)......... 561.91 Sodiumtas Nanci cress cts ae geese sie ee ioter eee ree trace 
Chloride (Cheech obras 0.70 
Ae ane SS eee e “The insoluble material is apparently composed of a small 
Total. 2s... 67.02 amount of magnesium silicate, a little silica, some iron phosphate, 


and some ferric oxide. 
“The water-soluble material is evidently a mixture of various 
sodium phosphates, since the Na;O ratio is too low for trisodium 


Two more tests were conducted with sodium phosphate hy- 
droxide, and chloride in the boiler water in order to obtain more 


material for analyses. The results of the analyses of the deposit 
from these tests were as follows: 


Per cent 
Tube no. 7 Tube no. 9 
Sodrams (Na) aasenceies 31.72 30.70 
Phosphate (PO,)...... 60.32 60.32 
Trone(he). ee eeeeteca. 8.80 9.36 
EL OLA rhea cteeaens ae 100.84 100.38 


On tube No. 7 the deposit was 0.023 in. thick, and it caused 
an additional temperature gradient across the heating tube of 
160 F. The x-ray diffraction pattern was the same as that 
obtained from tube No. 3 even though there was no sulphate 
present in this sample. 

The results of examination of the deposit on tube No. 9 by 
another laboratory were reported as follows: 


“Petrographic examination shows about 3/4 of the material 
to be a glassy isotropic substance with a refractive index of 1.52. 
The remainder is mostly anisotropic with refractive index values 
of about 1.595 and 1.68. These results do not correspond to any 
of the alkali phosphates in our available literature. 


RESULTS OF ANALYSIS 


Per cent 
by weight 
Water-soluble material (76.2 per cent by weight): 
OCI ASN AAO sate ce syste. ot aera eit cieu? acserta eae 40.1 
Phosphate-as PsOs. 2c. 5..o2 3c cow cat ees Meee 36.0 


phosphate and too high for other alkaline phosphates known to 
exist. Microchemical tests furnish additional evidence in sup- 
port of this view. A strong alkaline reaction to phenolphthalein 
indicates the absence of acid phosphates. Silver-nitrate reagent 
produces specks of both yellow and white precipitate, indicating 
the presence of orthophosphate (yellow precipitate) and other 
phosphates (white precipitate). The latter may be metaphos- 
phates, pyrophosphates, or polyphosphates. 

“With this possibility in mind, an attempt was made to analyze 
the sample in accordance with a method given by Loren T. 
Jones, Industrial and Engineering Chemistry, Analytical Edition, 
Vol. 14, p. 536, 1942. Very poor separations were obtained, 
as shown by the fact that the summation of the various phos- 
phates determined by this method exceeds the total phosphate 
found by direct chemical analysis. No explanation is available 
for this discrepancy which was duplicated on a check run. Re- 
sults follow: 


Per cent 

by weight 
Orthophosphate as P2Os....... 32.4 
Hexametaphosphate as P205... 6.9 
Trimetaphosphate as P20s..... 25.6 
Pyrophosphate as P205........ 4.9 
Polyphosphates as P2Os........ None 

Total: 29208) BaP. ce Sas 69.8 

Total phosphate as P2Os....... 41.2 
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TABLE 8 TEST RUN ON BOILER SHOWN IN FIG. 3, AT CONSTANT HEAT INPUT 


Time Hours Boiler Temp ° F 
16 600 
18 620 
20 620 
23 620 
40 620 
43 620 
45 650 
48 650 
64 650 
68 670 
72 670 
93 600 

113 600 
ally, 660 
120 660 


“A critical examination of the method used and the results 
obtained, suggest that the error lies in the determination of the 
ortho- and trimetaphosphate, since polyphosphates are absent, 
and the precipitation of hexametaphosphate and pyrophosphate 
seems quite straightforward. Assuming the latter determinations 
to be correct, and remembering that polyphosphates are absent, 
the per cent of ortho and trimetaphosphate may be calculated 
from the Naz2O to P.O; ratio. 

“This calculation gives the following results, which are not 
capable of analytical proof, but which are considered to be a 
reasonable approximation of the composition of the sample: 


Per cent 

by weight 
Sodium Hexametaphosphate... 9.9 
Sodium Pyrophosphate......... 9.2 
Sodium Orthophosphate....... 54.4 
Sodium Trimetapkosphate..... 8.5” 


Srupy or Errsect or Rate or Heat Input 


To study further the effect of rate of heat input, a different 
design of boiler was used, Fig. 3. The heat is furnished by means 
of immersion heaters fitted inside of sealed tubes placed inside a 
drum. The rate of heat input was 10,000 Btu per sq ft per hr, 
which was lower than on boiler No. 1. The water passes around 
the tubes. Table 8 gives the results of the test using this boiler. 
These results again show that at about 620 F there is a reduction 
in the PO, content with an increase in the hydroxide, and no 
change in the chloride. The change in the phosphate was less 
than in the other boiler and there was a higher residual phosphate 
content at the higher temperatures than found when operating 
the boiler shown in Fig. 1. 


ReEsvuuts or TEsts 


With the small amount of data collected to date, it is rather 
difficult to draw very definite conclusions. The general trends 
may be summarized as follows: 

1 At the boiler temperatures encountered in the pressure 
range of 1700 psi and above, there is present a stable insoluble 
sodium phosphate which will form as a deposit on the heating 


surface. 
2 Anything which tends to raise the boiler-water temperature 


Nao POs NaCl pH 

256 900 306 11.5 
305 865 301 dese} 
323 850 506 11.6 
317 800 306 11.6 
390 750 306 11.6 
440 750 306 11.6 
482 660 315 11.6 
530 590 315 11.6 
585 500 301 dig lesee 
598 240 306 OE 
585 260 315 1S} 
420 680 301 alaiesi’? 
438 660 295 138 
560 500 340 13,8 
550 480 335 plate 


STEAM 
OUTLET 


WATER LEVEL 
MNWDICATORS 


70 80/L/NG WATER 
SAMPLING CO/L 


7-1.2 K.W. HEATING 


WW caRTRIDGES 


FROM BOILER 
eerie 
FEED PUMP 


Fig. 3 HigH-PREssuRE BoiLeR USED In Txsts 


will precipitate more of this slightly soluble phosphate from solu- 
tion. Thus a heavy deposit of calcium phosphate at the heating 
surface will raise the water temperature at this location and cause 
precipitation of the insoluble sodium phosphate, which in turn 
will retard heat transfer and cause still higher temperatures and 
more deposit. A high rate of heat input may cause temperature 
increase and start the deposition of the phosphate. 

3 The potassium phosphate does not form an insoluble salt 
at these temperatures. If the ratio of sodium to potassium 
can be kept low, it is possible to use potassium salts instead of 
sodium and thus stop the occurrence of this precipitation. 
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Discussion 


Rosert C. Apams.? The author has disclosed what may be a 
perplexing problem in operation of high-pressure boilers. Con- 
siderably more information may be obtainable from his test re- 
sults to aid other investigators in the recognition and correction 
of the condition he describes. 

He postulates the formation of an insoluble sodium phosphate 
having a Na,O:P,0; ratio less than 3. In both layers of the de- 
posit corresponding to Table 5, and in the deposit on tubes 7 and 
9, this ratio was reasonably uniform, ranging between 2.06 and 
2.20. This suggests the deposition of a disodium phosphate. 
Some support for this idea can be deduced from the deposit in the 
run with added sulphate, corresponding to Table 4. If all the 
sulphate is assumed to be combined as Na2SOu, the molecular 
ratio of the remaining sodium to phosphate is 2.34—only slightly 
higher than the above ratio. 

This tentative confirmation is canceled, however, by the x-ray 
diffraction examination of the sodium-sulphate-phosphate de- 
posit. The quoted report implies the formation of a single, 
crystalline compound, with neither sodium sulphate nor disodium 
phosphate present in recognizable form. 

If the postulated compound exists, it should be possible to iso- 
late and identify it in the deposits. The crystallographic ap- 
proach should be more effective for this purpose than sole depend- 
ence on chemical analysis. The writer would urge the author 
to employ the petrographic microscope and x-ray diffraction for 
examination of all such deposits. The data from such examina- 
tion, even though inconclusive in themselves, if presented system- 
atically, would be most helpful to subsequent investigators. 
The joint study thus possible should lead to diagnosis and solu- 
tion of the problem posed by the author. 


I. B. Dicx.? The writer has some knowledge of one of the 
boilers referred to by Professor Straub in the first paragraph of 
his paper. It is substantially the same as that described in 
Combustion, August, 1943, pp. 28-34. Designed maximum steam 
generation is 1,000,000 Ib per hr at 1742.5 psig drum pressure. 
Furnace volume is 54,400 cu ft, and calculated heat liberation at 
1,000,000 Jb per hr steam flow is 22,100 Btu per cu ft. Water- 
cooled furnace is formed of bifurcated tubes, 3 in. OD on 3!/3 in. 
centers. 

A hide-out condition was known to exist in this boiler, but no 
difficulty was experienced in keeping about 30 ppm of Na;PO, in 
the boiler water. Phosphate, supplied directly to the boiler 
drum through a separate chemical distributor, was added as a 
solution of monosodium phosphate. Usage was very moderate, 
causing no especial concern about the known hide-out condition. 
The known hide-out amounted to about 100 ppm as NazPOu,, 
which reappeared in the boiler water whenever pressure or rating 
were decreased about 20 per cent or more. 

Following the loss of a wall tube in this unit, samples of boiler 
water taken while the boiler was dropping off line showed that 
the phosphate concentration reached a maximum of 800 ppm at 
about 600 psi and no load, at which point the free caustic soda in 
the boiler water had completely disappeared, and the water was 
slightly less alkaline than a solution of NasPO,. Customary 
limits for free NaOH are from 30 to 50 ppm. It appeared, there- 
fore, that an acid phosphate was going back into solution. 

This poses several questions: 


1 In what manner can an acid phosphate be laid down from 
a boiler water containing at all times at least 30 ppm free NaOH? 


* Superintendent, Chemical Engineering Laboratory, U. S. Naval 
Engineering Experiment Station, Annapolis, Maryland. 

3 Division Engineer, Consolidated Edison Company of New York, 
Inc., New York, N. Y. 
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2 Under what conditions of operation can such a phosphate 
be laid down? 

3 What would such an acid phosphate be? 

4 Under what conditions would it reappear in solution? 

5 How can this condition be corrected? 


Professor Straub has contributed toward answering some of 
these questions. From all available information we construct a 
picture very much like this: 

Acid phosphate cannot be laid down from a strongly alkaline 
water. Therefore in some manner the phosphate must be out of 
contact with the boiler water. Since the solubility of TSP is 
greater at operating temperature than the amount carried in the 
boiler water, it is evident the first precipitation must have oc- 
curred at temperatures in excess of saturation. Somehow this 
precipitated phosphate, which must at first be crystalline tri- 
sodium phosphate, is then converted into an acid phosphate. 

There are two theories for the conversion to the acid phosphate, 
the one which has just been described by Dr. Partridge, and the 
other that has been alluded to in Professor Straub’s paper, involy- 
ing the formation of pyrophosphates or metaphosphates. 

We hold no briefs for either of these two theories. 

Since we now have two possible mechanisms for the acid phos- 
phate to have been formed, it is apparent that such a phosphate 
will go back into solution whenever it is contacted with water at 
such temperatures that it has definite solubility. Here the ob- 
served pressure of about 1300 psi enters the picture, but the 
limited knowledge of the chemistry of the phosphates at tempera- 
tures in the range of 575 F impedes our applying this observation. 

The remedy for the condition appears twofold: 


1 So operate the unit as to permit frequent removal of pre- 
cipitated soluble phosphates. 

2 So treat the boiler water that the phosphates will not pre- 
cipitate. 


This, however, is another story. 

In closing, the writer wishes to say that he believes Mr. Webb, 
in discussing this paper, is contributing substantially to our 
knowledge, and so to our food for thought, by reporting on the 
experiences of the American Gas and Electric Service Corporation 
in boilers of the 2000 psi class. It is hoped he will continue to 
do so, 


E. P. Partringr anp R. K. Scorr.‘ It is naturally pleasing to 
us to have Professor Straub confirm in the laboratory the fact 
that potassium phosphate does not hide out under conditions 
simulating a “hot spot” in a high-pressure boiler. We accept his 
data with gratitude; at the same time we wish to present some 
interpretations differing in detail from those expressed or implied 
in his paper. 

It might be mentioned that in designing his laboratory boiler, 
Professor Straub has duplicated faithfully, if unwittingly, a 
boiler in which gross hide-out of sodium phosphate was observed 
some fourteen years ago. This was the mercury condenser of 
the mercury-steam unit at Schenectady. Long nipples, closed 
at the bottom, projected downward from a horizontal tube sheet. 
An inner tube within each nipple was intended to act as a down- 
take. Mercury condensing outside of the nipples boiled the wa- 
ter within them, producing steam at a pressure of 425 psi. De- 
posits found in these nipples in 1935 were half insoluble sludge, 
half water-soluble salts, with sodium sulphate predominating 
over trisodium phosphate. Over week-end shutdowns, the sul- 
phate and phosphate in the boiler water increased markedly. 

In an attempt to improve circulation, pairs of nipples were con- 


4 Hall Laboratories, Inc., Pittsburgh, Pa. 
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nected together at the bottom to form U-tubes, but not until 
condensate was used for make-up was satisfactory operation 
attained. Later, in 1939, deposits found after a period of opera- 
tion at increased load were essentially trisodium phosphate with 
less than 10 per cent of insoluble sludge constituents. 

At the temperature of 450 F corresponding to 425 psi, it would 
have been necessary for the water in the nipples to concentrate 
until it contained 45 parts of Na;PO, in 100 parts of water before 
the solid could be deposited (1).5 

With respect to the changes in concentration of sodium hy- 
droxide accompanying hide-out and redissolving of trisodium 
phosphate in the water of the experimental boiler, we believe 
there is an explanation both more simple and more sound than 
the one implied by the long quotation in the paper by Professor 
Straub. From the data given in his paper it is evident that con- 
centrated trisodium phosphate actually did react with the steel 
of his boiler to produce ferrous phosphate, either as such, or com- 
bined as sodium ferrous phosphate, at the same time releasing 
sodium hydroxide. The reaction would be represented in simple 
over-all form as 


2Na3;PO,4 aa 3Fe + 6H.O — Fe3(PO.)s + 6Na0OH + 6H 


The ferrous phosphate, stable in contact with the concentrated 
solution, would, however, hydrolyze as water of the normal low 
concentration washed over it at lower temperatures, with the re- 
sulting reversal of the reaction 


Fe;(PO.)2 + 6H,0 — 3Fe(OH). + 2H;PO, 
2H;PO,4 + 6Na0H — 2Na3PO, aa 6H20 


in which sodium hydroxide is used up. The ferrous hydroxide 
would normally be converted further into black magnetic Fe;O,, 

The suggestion that molecularly dehydrated phosphates were 
formed from trisodium phosphate in the experimental boiler is 
based chiefly on the analytical results obtained by the Jones 
method. However, the report quoted in the paper shows that 
total P.O; obtained by adding up the various constituents “de- 
termined” by this method was 70 per cent greater than total 
P.O; determined directly. From our fairly comprehensive 
knowledge of the phosphates as well as of the vagaries of the 
Jones method for the analysis of sodium phosphates, which would 
be aggravated in this case by the presence of considerable 
amounts of iron, we would conclude that metaphosphate and 
pyrophosphate need not have been present in the deposit. 

At the ASME Annual Meeting six years ago, R. E. Hall pre- 
sented his detailed paper (2) in which he pointed out the several 
ways in which the substitution of potassium for sodium ion in a 
boiler water should prove beneficial. With respect to hide-out, 
he mentioned the favorable experience in one plant where, under 
conditioning with sodium chemicals, ‘Both the sulphate and the 
phosphate skyrocketed when boiler load was reduced.”’ After 
conditioning with potassium chemicals had been established, suc- 
cessive tests showed ‘‘complete absence of sulphate hide-out, and 
elimination of all but the barest trace of phosphate hide-out.”’ 

Subsequently, hide-out of sulphate and phosphate in the 2000- 
psi forced-circulation boiler at Somerset Station ceased when con- 
ditioning with potassium chemicals was commenced, as reported 
at the Annual Meeting four years ago (3). It was pointed out 
that the control limits for this boiler since the beginning of 1944 
had included the maintenance of a minimum ratio of potassium 
to sodium in epm of 3:1. This would mean a concentration of 
sodium (Na) in ppm not exceeding 0.2 times the concentration 
of potassium (K) in ppm. 


’ Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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Professor Straub may have been influenced by this and by 
similar reports from the field, not yet published, to undertake the 
experiments set forth in his paper. Like Kaufman and his asso- 
ciates (4) he has succeeded in confirming in the laboratory the 
fact that sodium phosphate hides out, while potassium phosphate 
does not. He has even reached the same conclusion as Hall (5), 
that 1 epm of Na can be present in the boiler water for each 3 epm 
of K without losing the improved behavior characteristic of full 
potassium conditioning. 

When Professor Straub discussed the original paper by Hall 
six years ago, he urged caution and said, “The real importance of 
the suggested potassium substitution for sodium will depend upon 
the results obtained in actual operation,” a dictum with which we 
thoroughly agree. With his knowledge of practical operating 
results in several plants during recent years, reinforced by the re- 
sults of his laboratory tests, would Professor Straub now recom- 
mend potassium conditioning generally for high-pressure boilers 
afflicted with hide-out? 

Hall and his associates continue to feel that potassium condi- 
tioning offers considerable promise as a treatment for the boiler 
disease of which hide-out is a symptom. In mild cases of 
this disease, an occasional good physic in the form of acid cleaning 
may suffice; where more severe conditions exist, the continuous 
mild laxative of potassium conditioning has paid for itself by 
keeping boilers on the line for longer periods than would otherwise 
have been possible. But when the disease is organic, surgery 
may be necessary for a boiler as for a human being. Let us con- 
sider some pertinent data. 

According to the solubility studies of Schroeder and his associ- 
ates (1), both trisodium phosphate and sodium sulphate become 
progressively less soluble as the temperature is increased beyond 
about 250 and 465 F, respectively. While each is substantially 
insoluble at the critical temperature of 705 F, nevertheless the 
amount which can be present in a normal boiler water is far 
greater than the solubility of most substances which form de- 
posits in boilers. For example, the process of concentration in a 
boiler water at 1700 psi would have to proceed until 10,000 parts 
of NasPO, or more than 100,000 parts of Na,SO, were present in 
a million parts of HO before the first crystal of solid could form. 
If the original dilute boiler water contained about the same 
amount of NaOH as of the salt, the limiting values would be even 
higher. 

For trisodium phosphate or sodium sulphate to disappear from 
solution in boiler water by simple hide-out thus requires the de- 
velopment on some localized area of the boiler heat-transfer sur- 
face of a concentrated solution expressed more conveniently in 
per cent than in parts per million—a brine rather than a boiler 
water. 

If the tube surface is hot enough to cause the concentrating film 
upon it to become saturated with trisodium phosphate, it is 
inevitably hot enough to cause continuing deposition of this sub- 
stance as solid from the boiler water passing through the tube. 
The main body of boiler water is thus progressively robbed of 
phosphate as long as the local heat input remains sufficiently: 
high. 

The accumulation of solid may cause failure of the tube by 
simple overheating; wherever the deposit does not completely 
cover the steel, attack by the concentrated brine would also be 
likely, according to the experiments of Kaufman and his associ- 
ates (4) as well as those of Professor Straub reported in the present 
paper. 

What happens if, in a 1700-psi boiler which has consistently 
developed severe hide-out of sodium phosphate, we substitute 
potassium ion for sodium ion? The physical conditions which 
caused the boiler water to concentrate somewhere on strongly- 
heated tube surfaces remain the same, but instead of automatic 
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deposition of solid when the local concentration attains 10,000 
ppm of NasPO,, the amount of K;PO, in the concentrating film 
can increase without limit to whatever level is determined by 
the temperature produced in the film. The completely fluid 
condition maintained at the metal surface is advantageous in 
several respects. It does not interpose the increasing resistance 
to heat transfer and to fluid flow of a growing deposit of solid, 
and it does mingle rapidly with the normal dilute boiler water at 
every opportunity. The over-all effect in a number of boilers 
has been to prolong the life of the heat-transfer surfaces. If the 
local input of heat is high enough, however, the steel will be 
attacked by the water containing potassium salts just as it would 
by the water containing sodium salts, or, for that matter, by the 
purest water ever evaporated in a boiler. 

Hall (2) has pointed out how the corrosivity of the concentrat- 
ing film may be decreased by keeping the chloride high in relation 
to the hydroxide in the boiler water, or by eliminating free hy- 
droxide altogether and operating with only captive alkalinity. 
By such expedients much has been done to make the patient'more 
comfortable. 

Recently an impressive start has been made on investigations 
which could lead to prevention of the disease of which hide-out is 
asymptom. Studies of heat absorption in boiler furnaces, such 
as those at Tidd Station (6) and at Paddy’s Run Station (7) can 
lead not only to greater efficiency in the utilization of heat, but 
also to decreased damage to the heat-transfer surfaces when we 
learn how to distribute the heat more uniformly to them. 
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W. L. Wess.’ The author is to be commended for presenting 
data showing what may result from endeavoring to maintain high 
phosphate concentrations in boiler water when conditions are 
such to permit sodium phosphate hide-out. This paper indicates 
the inadvisability of feeding chemicals without establishing what 
becomes of them. 


6 Mechanical Engineering Division, American Gas and Electric 
Service Corporation, New York, N. Y. 
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Based on the experience of the company with which the dis- 
cusser is associated, it is more usual than unusual to find some de- 
gree of sodium phosphate hide-out in boilers of the 1200-1400 psi 
range. In such cases the phosphate feed is rigidly limited to re- 
strict the quantity of hide-out. This results in substantially 
maintaining equilibrium PO, residuals which in the more serious 
cases may range from less than 1 ppm to perhaps 10 ppm. 

Residual phosphate is customarily maintained in the boiler 
water not only to precipitate the small amount of hardness which 
normally enters the cycle with evaporator vapor and condenser 
leakage, but also to properly precipitate unusual surges of con- 
tamination, for example, from the priming of an evaporator or 
from the splitting of a condenser tube. The quantity of water in 
an operating boiler and the PO, residual in the boiler water 
establishes the number of pounds of phosphate available for pre- 
cipitating incoming hardness. When this is limited by a low 
equilibrium: PO, value by virtue of a hide-out condition, the ob- 
jective of maintaining residual phosphate is partly defeated. 

Disappearance of phosphate due to other than consumption by 
cycle contamination and losses by blowdown should be dis- 
tinguished from actual hide-out. For example, following the 
acid-cleaning of a boiler there may be phosphate consumption in 
reforming a film on the freshly cleaned boiler metal. The extent 
of this consumption may be influenced by the type of so-called 
“conditioning boil’ or boiler metal surface treatment which nor- 
mally follows the rinsing operation after draining the acid solvent. 

In case of extensive phosphate disappearance, particularly fol- 
lowing acid-cleaning, it is considered good practice to make a care- 
ful check of the phosphate which returns to solution upon load 
reduction to definitely establish the existence of hide-out, and if 
it exists to limit the quantity hid out. Furthermore, the change 
in boiler-water alkalinity accompanying the return of phosphate 
to solution may give some clue to the form of phosphate hide-out. 
It may be of interest that in several cases boilers in which actual 
hide-out previously had not been observed have shown hide-out 
for periods of several months or longer after acid-cleaning. Why 
this condition should exist is not yet clear. 

Following the acid-cleaning in April, 1949, of the Indiana and 
Michigan Electric Company’s 2300-psi boiler at Twin Branch 
Plant, phosphate consumption was extensive and also hide-out 
existed to the extent that the equilibrium PO, value was less than 
2ppm_ Previous to this acid-cleaning, hide-out had limited the 
PO, concentration to 8 to 10 ppm. As this new condition still 
existed in June, it was decided as an experiment, to see if hide-out 
could be prevented by the use of potassium chemicals. Phos- 
phoric acid and potassium hydroxide were used because of the 
ease of control of both PO, and alkalinity in the boiler water. 
Potassium chloride was also employed both to assist in the con- 
trol of the potassium-sodium ratio and to permit the use of the Cl 
concentration as a measure of the equivalent quantity of water in 
the boiler and for approximating blowdown. 

Upon raising the K/Na epm ratio to about 1.5 (Na:K weight 
ratio of about 0.4:1) no phosphate returned to solution, pre- 
sumably because the PO, residual of 1 to 2 ppm had been suffi- 
cient to prevent hide-out. However, SO, increased from 5 to 
43 ppm. A further increase in the potassium concentration was 
accompanied by reappearance of no additional hid-out chemicals. 

In a subsequent test just before the 2300-psi boiler was shut 
down for an extended period, the sodium concentration was pro- 
gressively increased by the feeding of NaCl in an effort to show 
at what ratio phosphate and sulphate would start to hide out. At 
a K/Na epm ratio of about 1.0 (Na:K weight ratio of about 
0.6:1), PO, decreased from about 24 to 17 ppm but SO, remained 
unchanged at about 29 ppm. A reduction of the ratio to about 
0.5 (Na:K weight ratio of 1.2:1) made no appreciable change in 
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either PO, or SO,. By this time the boiler-water dissolved solids 
were sufficiently high to cause an increase in the conductivity of 
steam so the ratio was not further reduced. 

The foregoing experience, as well as that with the 2000-psi 
boiler at Twin Branch Plant, leads the discusser to suspect that 
for pressures of this order, possibly 1700 psi and above as indi- 
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cated by Professor Straub, it may be advisable to employ potas- 
sium chemicals for internal treatment solely to prevent phosphate 
hide-out, particularly if hide-out seriously limits PO, residuals. 
Further data on the 2000-psi boilers shortly to be put into opera- 
tion at the Philip Sporn Plant may permit conclusions to be more 
definitely drawn. 


Chemical Treatment, 


Demineralization, or 


Evaporation for Make-Up in High- 
Pressure By-Product Steam Plants 


By J. D. YODER, W. L. WEBB,? anp T. BAUMEISTER,? NEW YORK, N. Y. 


The increased power production obtained by exhausting 
high-pressure turbines directly to process rather than to 
coils of evaporators, which in turn produce process steam, 
is demonstrated. Typical heat balances are presented 
for systems employing evaporated make-up to the closed 
cycle and for 100 per cent make-up cycles using water treat- 
ments consisting of (a) silica removal and sodium-zeolite 
softening, and (4) demineralization and silica absorption. 
Performance data and costs are given for both evaporated 
make-up and 100 per cent treated make-up 1400-psi cycles 
at the Deepwater Operating Company’s station. 


INTRODUCTION 


OWER manufactured as a by-product of process steam 
offers the lowest cost for fuel in mills per kilowatthour ob- 
tainable from any type of power plant. The most efficient 
high-pressure power plant which is devoid of the by-product fea- 
ture and which delivers only one product—kilowatthours as elec- 
tric energy—still wastes, as low-grade heat in cooling water of the 
condenser system, approximately 50 per cent of the heat sup- 
plied in fuel. The lowest heat rate as yet anticipated for a central 
station is 9300 Btu per net kwhr for the Philip Sporn Station.® 
The lowest heat rate of plants now in operation is of the order 
of 10,000 Btu per net kwhr which represents a loss of 66 per cent 
of the heat supplied in the fuel. This waste or loss of heat is 
chiefly to the condensing water and the remainder is sensible 
heat of stack gases, combustion imperfections, hydrogen losses, 
mechanical and electrical losses, auxiliary power requirements, 
and other incidental and generally unaccounted-for items. 


Utiuizinc Exuaust STEAM FOR PROCESS 


The utilization of exhaust steam for process makes possible the 
avoidance of the heat loss to the cooling water. This is ac- 
complished by using (1) high-pressure turbine exhausting to 
evaporator coils, which in turn deliver process steam at some 
practical lower pressure, or (2) high-pressure turbines exhausting 
directly to the process headers. Hither method avoids the Btu 
loss to the condenser cooling water. The evaporators, however, 
do not permit the use of the full availability of heat for conversion 
into work, because the heat delivered to the evaporator coils is 
degraded by heat exchange to a lower steam pressure for process 
purposes. This greatly reduces the ratio of available low-cost by- 
product power to process steam. 


1 Vice-President, The Rermutit Company. Mem, ASME. 
2 Mechanical Engineering Division, American Gas and Electric 
ice © ation. Mem. ASME. 

AS as 1050 F, and 1000 F Reheat Cycle at the Philip 
Sporn and Twin Branch Steam-Electric Stations,’ by Philip Sporn, 
Trans. ASME, vol. 70, 1948, pp. 287-294. : 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of 
Tarn American Socrery oF MrcwanicaL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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When turbines exhaust directly to process, power is generated 
through the full steam expansion from boiler pressure to process 
steam pressure. The heat rate approaches the theoretical factor 
for the conversion of heat into mechanical energy, or 3413 Btu 
per kwhr. 

The major advantage of delivering exhaust steam to an evapo- 
rator instead of directly to process is that it permits the return 
of the condensed steam from the evaporator coils to the boiler 
feed system without further treatment. The requirements of the 
power cycle for make-up water are consequently comparable 
to those of a surface-condensing plant and are of the order of 1 or 
2 per cent. This amount is readily supplied by a small-capacity 
evaporator. 

When the turbine exhaust is delivered directly to process, it is 
necessary to prepare substantially 100 per cent treated make-up 
water for feed to the boilers. When high-pressure boilers were 
first installed to supply process steam under these conditions, 
designing engineers did not believe that the boilers could be 
operated successfully with 100 per cent treated make-up. With 
the accumulation of experience, however, it has been demon- 
strated that 100 per cent treated make-up can be fed even to 
high-pressure boilers (1400 psi) without operating hazard and 
with the advantage of the greatly increased by-product power 
rate. 

When an industrial plant installs a high-pressure turbine to 
exhaust its steam to process, the boiler pressure is generally se- 
lected to balance the required power and process-steam demands, 
thus utilizing the maximum potential by-product power genera- 
tion. This frequently results in installing 600-psi boilers where 
more low-cost power could be produced with a higher pressure 
such as 1400 psi. 

When a public utility enters into an agreement to supply both 
process steam and power to an industrial plant, it is reasonable 
economy to install boilers to operate at maximum pressures, be- 
cause any excess power produced by the turbine may be used ad- 
vantageously by the utility to reduce its over-all cost of genera- 
tion. 

It is the purpose of this paper (1) to emphasize the greater 
amount of low-heat-rate by-product power which can be gen- 
erated when turbines are exhausted directly to process rather 
than to evaporator coils; (2) to present operating data for a 
1400-psi plant to substantiate these conclusions, and (3) to 
demonstrate the satisfactory chemical treatment of water for 
these conditions. 

Fig. 1 illustrates the heat rate in Btu per kwhr, for an efficient 
condensing plant as compared to the heat rate of by-product 
power plants when the turbine exhausts (1) to evaporator coils, 
and (2) directly to process. The plant heat rate with a process 
evaporator is less than one half of the heat rate for a surface- 
condensing installation. The heat rate for the case of turbines 
exhausting directly to process and using softened or demineralized 
feedwater is, in turn, somewhat less than with process evapora- 
tors. 
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ADVANTAGE OF EXHAUSTING DIRECTLY TO PROCESS 


The great advantage of exhausting turbines directly to proc- 
ess instead of to evaporator coils is the greater amount of low- 
fuel-cost power that can be produced. This is illustrated in Fig. 
2. Here the relative amounts of by-product power which can be 
produced with 1400-psi boiler steam for 100,000 Ib per hr of 215- 
psia process steam are shown for (a) turbines exhausting to evapo- 
rator coils, (b) turbines exhausting directly to process and using 
(1) softened or (2) demineralized make-up. 

The power, when using evaporators at a constant vapor pres- 
sure, increases as the differential in pressure between evaporator 
coils and process steam diminishes, or as the mean temperature 
difference across the evaporator surface is decreased. The 
amount of heating surface needed in the evaporator coils increases 
as the pressure or temperature differential becomes less, which 
correspondingly increases the cost of evaporators. 

The chart indicates that when the turbine exhausts at 430 psia 
to the evaporator coils, the turbine produces 2920 kw of by- 
product power as compared with 4190 kw when exhausting the 
turbine at 270 psia. When the turbine exhausts to process and 
the feedwater is softened, as described later in this paper, the by- 
product power is 5340 kw, and, if the make-up water were de- 
mineralized, the available by-product power would be 5620 kw. 
The increased power generated, when using demineralized in- 
stead of softened make-up, results from less boiler blowoff and 
therefore less degradation of heat. 

The heat-balance diagrams, Figs. 3 through 7, show the basic 
data for these graphs. The comparative study reflected in these 
data was greatly simplified by the requirement that process steam 
under all alternates be delivered at 215 psia and substantially 
saturated conditions. The heat rates and the amounts of by- 
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product power illustrated in Figs. 1 and 2 were thus determined 
by the feed cycles and heat balances of Figs. 3 through 7. In the 
preparation of these figures the following underlying performance 
estimates were used: 


PERFORMANCE ESTIMATES 


1 Process steam conditions, 215 psia dry and saturated. 

2 Steam conditions at turbine throttie, 1300 psia, 760 F, and 
1347 Btu per lb. 

3 (a) Internal efficiency of main turbine, 80 per cent. 

(b) Internal efficiency of heating turbine, 72 per cent. 

4 (a) Exhaust pressure loss from main turbine shell to 
evaporator, to heating turbine, to heaters No. 1 and No. 3 or to 
station wall, 7 per cent. 

(b) Extraction pressure loss from heating turbine to 
heater No. 2, 10 per cent. 

5 Mechanical and electrical losses, 3 per cent of gross power 
generated. 

6 Gland steam enthalpy, the throttle enthalpy minus 25 per 
cent of the enthalpy drop in the turbine. 

7 Auxiliary power for the generating plant for all conditions, 
6 per cent of the gross power generation obtainable with a con- 
densing turbine operating at the given throttle conditions and 
flow, with a 10 lb per kwhr water rate. 

8 Boiler efficiency for power and process steam generation, 
87 per cent. 

9 Steam losses, 5000 lb per hr. 

10 Blowdown losses: . 


(a) From boiler, fed with evaporated make-up, 1500 Ib: 
per hr, or approximately '/, per cent of boiler output (no heat 
recovery ). 

(6) From evaporator, 10 per cent of make-up (with 
heat recovery). 

(c) From boiler fed with softened water, 21.6 per cent of 
make-up (with heat recovery). 

(d) From boiler fed with demineralized water, 2.4 per 
cent of make-up (with heat recovery). 
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1i Terminal temperature differences on heat exchanger, 
closed heaters, and drain coolers taken the same for all conditions 
and as specified on the diagrams. 

12 Cost of process steam computed as the heat in the process 
steam corrected for boiler efficiency, steam losses, auxiliary power 
allowance 2 per cent of the heat, and boiler blowoff 10 per cent of 
make-up (with heat recovery). 


Fig. 3 shows a typical cycle diagram for the case of the turbine 
exhausting to evaporator coils. The heat balance of this figure 
is based upon operating the turbine at an exhaust pressure of 430 
psia, under which condition the amount of by-product power pro- 
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duced per 100,000 Ib of process steam was 2920 kw and is so 
plotted in Fig. 2. Corresponding heat balances for evaporator 
operation with exhaust pressures of 323 and 270 psia are given in 
Figs. 4 and 5, respectively. 

Fig. 6 is a typical cycle diagram for the delivery of exhaust 
steam directly from turbine to process and is applicable for the 
cases of feeding softened or demineralized make-up to the boiler. 
The heat balance of Fig. 6 is based upon softened make-up water 
of such analysis as to require a boiler blowdown of 21.6 per cent 
of make-up. The high-pressure turbine exhausts chiefly to proc- 
ess, but sufficient exhaust steam goes to the heating turbine to 
complete the heating of the feedwater from 38 F to 390 F. The 
steam flow through the high-pressure turbine is increased by an 
amount sufficient to compensate for the inadequacy of boiler 
blowoff for feed-heating purposes. 

Fig. 7 differs from Fig. 6 in that only 2.4 per cent of make-up is 
blown down from the boiler because of the use of demineralized 
rather than softened make-up. Since there is less boiler blowoff 
with demineralized make-up, more steam must pass through the 
high-pressure turbine to provide the necessary heat in the feed- 
water. This additional flow increases the by-product power gen- 
eration. Because less water goes to waste when demineralizing, 
the heat rate of by-product power is somewhat reduced as illus- 
trated in Fig. 1. 

Process-steam installations, similar to those shown in the heat 
balance, Figs. 3, 4, and 5, in which the high-pressure turbine ex- 
hausts to evaporator coils, and in Fig. 6 in which the 100 per cent 
softened make-up boiler supplies a high-pressure turbine exhaust- 
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ing directly to process, were put into service at the Deepwater 
Operating Company’s Station at Deepwater, N. J., in 1930 and 
1942, respectively. Both employ nominally 1400-psi, 725-750 F 
initial steam conditions at the turbine throttle and supply 215- 
psia steam to process. No process condensate is returned to the 
powerhouse from the factory. Raw water separately treated for 
the two installations is taken from the nearby Salem Canal which 
is equipped with a valved dam, to prevent salines from the 
Delaware River from contaminating this surface supply. 


DEEPWATER HiagH-PRESSURE TURBINE-H\VAPORATOR 
Unit 


The 1930 Deepwater installation consists of two 331,000-lb-per- 
hr, 725 F cross-drum boilers which supply a 12,500-kw turbine, 
exhausting to the coils of 7 evaporators, having a combined rated 
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TABLE 1 DEEPWATER HIGH-PRESSURE TURBINE—EVAPORATOR UNIT 


WATER CONDITIONS 


Process steam 


Evaporator blowdown 


Blowdown losses 
Evaporator make-up 


400,000 lb per hr 
21,000 Ib per hr 
21,000 lb per hr 

421,000 lb per hr 


Raw Softener Evaporator 
water effluent shell water 
(ppm) (epm) (ppm) (epm) (ppm) (epm) 
Cnlionamyn Gare sachs 19 0.94 172 0.06 2 0.10 
Magnesium, Mg......... 7 0.54 0.4 0.04 1 0.08 
Odin, HNere te nn ssneseete 13 0.56 55 2.41 1160 50.50 
2.04 2.51 50.68 
Bicarbonate, HCO;...... 61 1.00 68 Vek 200 3.28 
Carbonate, COs......... 0 0 0 0 540 17.90 
HydroxidenmOH ay... bear 0 0 (0) 0 0 0 
Sulphite, SO3........... 0 0 (0) 0 0 0 
Sulphate, SOs... eee 16 0.34 33 0.69 740 15.40 
@hloride; Gloss cet Sa... 25 0.70 25 0.71 500 14.10 
2.04 2,01 50.68 
Silica, SiOz 8.6 8.6 124 
Carbon dioxide, COz..... a Rica Sere 
Colona Rot cee doniakss 25 aoe 
1 bro) opal (Sete cet tinge ee eae Le, 0.2 abe 
Total hardness as CaCOs. 74 1.48 3) 0.10 9 0.18 
JOS (eit ae aa IC Ae saa 7.2 8.2 10.4 
Dissolved solids......... 120 157 3267 
Suspended solids........ 30 ae 113 
Total solids... ccimeresrs 150 157 3380 


ppm ¢ per lb $ per million lb 
Ferrous sulphate, 98 per cent FeSQ+-7H2O....... 50 3.0 1.50 
Soda ash, 98% NasCOz........ BIOS oho Sino 25 135) 0.38 
Sodium chloride, 99% NaCl.................. 240 0.6 1.44 
Sodium sulphite, 98% NasSOs3.............-4- 6 3.5 0.21 
Chemical cost per million lb treated water $3.53 


output of 400,000 lb per hr of 215-psia vapor. Turbine-exhaust 
pressure varies with load, and with the number of evaporators in 
service. At rated turbine capacity with 7 evaporators in service, 
exhaust pressure is approximately 300 psia. Make-up of 1.5 per 
cent to the 1400-psi cycle is supplied by house evaporators. 

Raw water, coagulated and zeolite-softened, is fed to the proc- 
ess evaporators which are continuously blown down. The em- 
ployment of softened water substantially has eliminated the 
need for scale-cracking operations. Representative water analyses 
for this unit are indicated in Table 1. 


DEEPWATER 100 PER Cent SorreneD Make-Up Unit 


Prior to undertaking the 1400-psi 100 per cent make-up installa- 
tion at Deepwater, a pilot-plant test was conducted to establish 
that the raw water could be treated as contemplated, and that a 
high-pressure test boiler would operate satisfactorily with only 
treated-water make-up. This study was described by Car- 
michael. : 

In the subsequent 1942 installation the raw water, after treat- 
ment for reduction of turbidity, color, silica, and hardness, is fed 
to a boiler which delivers 550,000 Ib per hr of steam at 750 F 
total temperature. Substantially all the water-cooled surface of 
this boiler consists of vertical tubes, except the furnace roof and 
the hopper dry bottom. At full rating, the heat available is 62,000 
Btu per hr per sq ft of projected water-cooled furnace area, as 
compared to 80,000-120,000 Btu per hr per sq ft for boilers of 
conventional design. Comparative values per cu ft of furnace 
volume are 13,800 and 18,000-24,000 Btu, respectively. The 
high-pressure steam is supplied to a 20,000-kw turbine exhausting 
directly to process. 

A schematic diagram of the water-treating plant is shown in 
Fig. 8. As designed, precipitator No. 1 was for coagulation and 
color reduction, using ferric sulphate and sulphuric acid at a pH 
of about 4.5, followed by air agitation for carbon-dioxide removal, 
and precipitator No. 2 for silica reduction, using ferric sulphate 
and lime at a pH of 9 to 10. The precipitator effluent flows 


« “Experimental Study, Feedwater Treatment for 1400-Lb Boiler 
Operating Pressure,” by D. C. Carmichael, Trans. ASME, vol. 64, 


1942, pp. 121-136. 


through gravity filters and is discharged into the clearwell mixing 
chamber where pH was to have been reduced to 7.5 with sul- 
phuric acid. Pumps transfer water from the clearwell through 
sodium Zeo-Karb softeners to elevated storage tanks and to the 
station for boiler make-up. Under this plan of operation, reten- 
tion in the sedimentation sections of each Spaulding precipitator 
at rated raw-water flow of 625,000 lb per hr is 170 min. 

Operating experience has indicated that sedimentation, and 
color and silica reduction can be accomplished in one step using 
ferric sulphate and lime at a pH of 9.2 to 9.6. This permits 
operating the two precipitators in parallel, thereby doubling the 
retention time. Because of deposition of slime on precipitator 
weirs and plugging of filters with organic matter and from carry- 
over of “wild floc,” the raw water is chlorinated. Clay is fed with 
the lime to assist in weighting the floc. 

Contrary to initial expectations that the zeolite material would 
be subject to attack from waters having pH values of 8 or higher, 
it has been established that a maximum pH of 10 is satisfactory. 
Supplementary chemicals consist of caustic soda and sodium sul- 
phite fed at the deaerator discharge, and sodium phosphate and 
an organic dispersive fed directly to the boiler. 

Table 2 indicates representative water conditions of the 100 
per cent softened make-up cycle, and the cost of treating chemicals, 
For comparative purposes, Table 3 presents similar data on the 
basis of employing demineralization and silica absorption. 

During the first 3 years of operation, semiannual outages were 
necessary for the removal of soft deposits of phosphate sludge and 
iron oxide from the water-cooled boiler surfaces. Initially this 
was done mechanically, and later by acid-cleaning. The employ- 
ment of an organic dispersive in 1945, for maintenance of sludge 
in suspension, proved to be practically 100 per cent effective. 
Since 1945 the boiler has been acid-cleaned but once, and then 
as a precautionary measure. Since feeding the organic material, 
samples of deposit turbined from selected wall tubes indicated a 
deposition of some 2 grams per lineal foot of tube, which analyzed 
about 40 per cent carbon. This seemed to show that there had 
been some decomposition of the organic dispersive but subse- 


_quent examinations showed insufficient deposit to call for any 


change in treatment. 
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Fie. 8 Scuematic DIAGRAM OF WATER-TREATING PLANT FOR THE DEEPWATER 100 PER Cent SorrengeD Maxe-Up Unit 


TABLE 2 DEEPWATER 100 PER CENT SOFTENED MAKE-UP UNIT WATER CONDITIONS 


Process steam 400,000 lb per hr 
Steam losses 5,000 lb per hr 
Boiler blowdown 75,000 lb per hr 
Blowdown losses 45,000 lb per hr 
Make-up 450,000 lb per hr 
Filtered 
precipitator Softener é 
Raw water effluent effluent Boiler water 
(ppm) (epm) (ppm) (epm) (ppm) (epm) (ppm) (epm) 
Caleium;' Casco cea 19 0.94 60 3.00 0.6 0.03 0 0 
Magnesium, Mg............... 7 0.54 6 0.52 0.1 0.01 0 0 
Sodium Nacnssiicestecisicioiie eric 13 0.56 12 0.52 94 4.09 600 26.12 
2.04 4.04 4.13 26.12 
Bicarbonate, HCOs........... 61 1.00 17 0.28 17 0.28 0 0 
Carbonate, CO3.............. 0 0 2 0.08 2 0.08 8 0.27 
Hydroxide, OP tren crocs oie ne 0 0 0 0 0 0 40 2.35 
Phosphate;-POi G5... ce cesses 0 0 0 0 0 0 15 0.47 
Sulphite, -SOsi.rite sce te 0 0 0 0 0 0 10 0.25 
Sulphate, SOQcaicerces creracysraicre 16 0.34 140 2.92 140 2.92 850 uly At 
Chloride,2 Cli tree came orete erate 25 0.70 27 0.76 30 0.85 180 5.07 
2.04 4.04 4.13 26.12 
Silica MSiOsthl cage erreerte« 8.6 1.5 1.5 9 
Carbon dioxide, COz.......... 7 0 0 ae 
OO. 4 ee ak ae ere re emertnerst 25 3 3 
TronzNe; 3:22 fc ee aie Lad, 0.1 0.1 
Total hardness, as CaCQOs;...... 74 1.48 176 3.52 2 0.04 ae 
DH Beier iaserts ais dee cletetage 7.2 9.2 9.2 11.2 
Dissolved solids.............. 120 257 277 1712 
Suspended solids............. 30 Beas Bre 38 
Total solids... cis5 sfecccictes roc. ciets 150 257 277 1750 
Chemical requirements in terms of treating-plant effluent: 
; ppm ¢ per lb $ per million lb 
Treating plant 
Ferric sulphate, 78% Fe2(SO«)s2H20.................05. 220 15 $3.30 
Lim6, 90% (Ca(OH ys antes teen oe eee eso cok 145 0.6 0.87 
Sulphuriciacid 938% 7 bs8Oir ce materi tecieae = « ia spate 0 0.9 0 
Chlorine, LOO SSCs air oie esses «are ietete ce eaeetetatin Wlaretellels)o.6.0@ ace 6 9.0 0.54 
Sodium chloride, 99% NaCl..............cceeseeeceeees 700 0.6 4,20 
C6) Fe ee She Ir I oh dco Cond COU COST Orn Ome 50 1.0 0.50 
Chemical cost per million lb of treated water $9.41 
Supplementary treatment 
Disodium phosphate, 98 per cent Naz:HPOu............... 6.0 9.0 $0.54 
Caustic soda, 98 per cent NaOH.......... 0. cece eee cence 2.5 2.5 0.06 
Sodium gulphite, 93 per cent Na2SOs............ 0. eee eeee 6.5 3.5 0,23 
Organic’ dispersive ..'. ses esr Sele ca feleeie te ts fiers isleisineuehe 6.0 14.0 0.84 
Chemical cost per million lb of treated water _ $1.67 
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TABLE 3 WATER CONDITIONS FOR A 100 PER CENT DEMINERALIZED MAKE-UP UNIT 


400,000 lb per hr 
5,000 lb per hr 
10,300 ib per hr 
6,200 lb per hr 


Process steam 
Steam losses 
Boiler blowdown 
Blowdown losses 


Make-up 411,200 lb per hr 
; Demineralizer 
Filtered and silica 
precipitator absorber 
Raw water effluent effluent Boiler water 
(ppm) (epm) (ppm) (epm) (ppm)  (epm) (ppm)  (epm) 
Calcium, Ca....... 19 0.94 34 1.68 0.2 0.01 0 0 
Magnesium, Mg... 7 0.54 7 0.54 0.1 0.01 0 0 
Sodium, Na........ 13 0.56 13 0.56 1.8 0.08 107 4.66 
2.04 2.78 0.10 4.66 
Bicarbonate, HCOs........... 61 1.00 65 1.07 4.3 0.07 0 0 
Carbonate; COmatrn toate 0 0 6 0,20 0 0 er US) 0 
Evydroxide, Ole: noe ba aoe 0 0 0 0 0 0 40 2.35 
Phosphate, PO... Setaty 0 0 0 0 0 0 15 0.47 
Sulphite, SOs... a 0 0 0 0 0 0 10 0.25 
Sulphate SOs icceamontienc G6 16 0.34 39 0.81 0.5 0.01 38 0.79 
ChiendenGl as. canker 25 0.70 25 0.70 0.7 0.02 28 0.80 
2.04 2.78 0.10 4.66 
EA, LOS carcrcrcosrenis) callers ae 8.6 5.5 0.2 8 
Carbon dioxide, COe.......... 7 0 0.5 ue 
COLE powers ee Oe oiciaee wate 25 5 5 
Troy see g. hoes ye ny f 0.1 0.1 Sind 
Total hardness, as CaCO; 74 1.48 111 2.22 1 0.02 0 
DEHSGE SUE SLR Via ae Oe Uae 9.2 8.0 113 
Dissolved solids. soc ayoe ere 120 162 6.5 246 
Suspended solids). 720. cae 30 ae AAS 40 
Mota BOs Gas vn. tos crc iesteie los 150 162 6.5 286 
Chemical requirements in terms of treating-plant effluent: 
ppm ¢ per lb $ per million lb 
Treating plant 
Ferric sulphate, 78% Fe2(SO«)s2H20.............. 59 1.5 $0.89 
Tame, OO)per cent Ca(OH )sc..s.cccte ces scrtpt ene. 6 39 0.6 O23 
Chlorine; 100 percent ‘Cly: tiv)... seis win nina Ene © « 6 9.0 0.54 
Gausticsada, 9895, NaOH, oo ssc lawn syusmtetons ott 6 458 2.5 11.45 
Soda ash, 99 per cent, NazCOs............2 05-00. 94 1,5 1.41 
Sulphuric acid, 93 per cent H2SOu...........-.--.. 337 0.9 3.03 
1 Fae ott spacer cite, Ba carey iment Wid aii ees 50 1.0 0.50 
Chemical cost per million lb of treated water $18.14 
Supplementary treatment 
Disodium phosphate, 98 per cent NazHPO,.......... 1.5 9.0 $0.14 
Caustic soda, 98 per cent NaOH................4- 0 2.5 0 
Sodium sulphite, 93 per cent NazSO;............. ee 0.9 340, 0.03 
OF ZaNic: GIBPETBIVE sas ses lohe STR eieiarsis esi. ss Posere supa ayers Aas 14.0 0.35 
Chemical cost per million lb of treated water $0.52 


Economics 


In any rational presentation of a subject such as this, it is 
necessary that some space be devoted to a consideration of the 
economic aspects of the design as well as to the technical fea- 
tures. It is of course true, here as elsewhere, that any “over-all,” 
“average,” “typical,” or “representative” costs are bound to be 
associated intimately with the design details and local conditions. 
Broadly viewed, however, the alternative designs of by-product 
power plants using high-pressure turbines exhausting to process 
evaporators or exhausting directly to process, show an over-all 
investment requirement which justifies the selection of the latter. 
Experience has demonstrated that the investment for a high- 
pressure boiler make-up treating plant, alone, is substantially the 
same as an evaporator plant alone, for the same process-steam 
capacity. The complete power plant including boilers, turbines, 
buildings, and auxiliaries as well as the process-steam equipment 
is bound to require more investment for the installation exhaust- 
ing directly to process. The turbine generator is nearly twice the 
size, and the boiler must be larger. Experience has shown that 
for a given process-steam output, say, 400,000 Ib per hr at 215 
psia: 

(a) The increased by-product power capacity will be obtained 
at today’s prices for an increment of investment in the neighbor- 
hood of $100 per kw. 

(b) The increment of production cost of the electrical energy 
as produced by the unit exhausting directly to process, as com- 
pared to the high-pressure turbine-evaporator unit will be less 
than the total production cost of a condensing plant using the 


same fuel. 


These are favorable factors, and when it is recognized that the 
unit exhausting directly to process operates without undue labor 
or maintenance costs, and without sacrifice of reliability, the 
over-all economic picture is decidedly favorable to this solution of 
the problem of the multipurpose steam power plant. 


ACKNOWLEDGMENT 


Many of the details, figures, and calculations in this paper were 
prepared by Messrs. A. J. Fiehn and R. H. Marks. 


Discussion 


R. C. Apams.> The authors have presented a convincing case 
for their major thesis, that chemical softening of make-up will 
produce more power per unit of process steam than evaporation of 
make-up. A further economic advantage from demineralization 
of the make-up is less certain. 

A complete picture of relative costs cannot be obtained from the 
limited data of the authors. The only detailed costs they give are 
those for chemical costs of water treatment in Tables 2 and 3. 
From these and the comparison in Fig. 2 of the paper, a partial in- 
dication of relative expense can be derived. 

Table 2, with total chemical costs of $11.08 per million pounds 
and 450,000 lb per hr of make-up, indicates an hourly cost for 
chemicals of $4.98. Referring this to the figures for power per 
unit of process steam in Fig. 2, shows a cost for treating chemicals 
of 0.023 cent per kwh. Similar calculations from Table 3 for de- 
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mineralized make-up yield an hourly expenditure of $7.67, and a 
chemical cost of 0.034 cent per kwh. 

Chemical costs for water treatment are a minor, though not 
negligible, part of the expense of power generation. The hun- 
dredth of a cent per kilowatthour increase for demineralization 
instead of softening looks smalJ. However, it should be recog- 
nized as a 50 per cent increase in chemical costs for all power 
generated. 

If the increment in cost is divided by the increment of power, 
which is a more reasonable basis for appraisal of the process 
change, the result is even more striking. The 1120 additional 
kilowatts, attending the standard 400,000 lb per hr of process 
steam, cost $2.69 per hr for treating chemicals alone. This means 
0.24 cent per kwh. When it is considered that many favorably 
placed industries can purchase power for about twice this amount 
the probability of an over-all saving from demineralization 
shrinks. 

This suggests that general application of demineralization for 
boiler make-up is far from assured. It is more likely that its 
application will be limited to special cases for some time to come. 


8S. B. Apprepaum.’ The authors mention two types of water- 
treating equipment for the make-up water to high-pressure boilers, 
as follows: 


(a) Silica removal by contact of the water with precipitates of 
ferric hydroxide, followed by sodium zeolite to remove the hard- 
ness. 

(6) Demineralization and silica adsorption by ion exchange. 

The authors describe an actual installation at Deepwater, 
N. J., using the first method, and they present hypothetical 
tables showing what might be expected from a demineralizing 
plant for the same conditions. However, they do not describe 
demineralizing-silica removal plants in actual operation or being 
installed. 


The purpose of this discussion is to supplement the paper by 
supplying information to show that there is a very definite trend 
toward the installation of plants which demineralize the water 
and remove the silica by ion exchange. 

Case 1 Process Water. One of the earliest plants of this type 
was installed by the Liquid Conditioning Corporation, now a 
subsidiary of the writer’s company, at a pharmaceutical plant in 
the Midwest. There had been a two-step demineralizing plant 
in operation which merely removed the cations and anions but did 
not remove the silica. However, the USP standards called for a 
total solids of 10 ppm including the silica and therefore the user 
purchased a third-step ion-exchange unit for the removal of the 
residual silica. At the same time, the original demineralizing 
plant was remodeled by using the most modern resins in the 
units and by improving the CO, removal of the decarbonator. 

This plant has been in satisfactory operation for over two years 
now and Table 4 of this discussion gives the chemical results at 
various stages of treatment. The plant has a capacity of about 
15,000 lb per hr, and it is now being remodeled to make it fully 
automatic in its operation. 

A second plant is being installed by the same user, having a 
capacity of 20,000 lb per hr of the same general type except that 
the decarbonator will be of the vacuum type, in order to reduce 
oxygen as well as free CO, between the second and third stages. 
This plant also will be fully automatic and will contain the most 
modern resins. 

The operation of this plant shows that the silica is reduced to 
under 0.2 ppm throughout the run and rises to 0.5 ppm at the 
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TABLE 4 CHEMICAL RESULTS FROM TREATMENT 


— In ppm expressed as CaCO3 ———. 

Constituentea.¢ .-niie ee A B Cc D E 
Cations . 

Calcium (Cat*)..... 249 0-1 0-1 0-1 0-1 

Magnesium (Mg*t*).. 116 0-1 0-1 0-1 0-1 

Sodium (Na *))-.. se. 27 0-1 0-1 0-1 0-1 

Hydrogen F.M.A. (H*) 0 113 0) 0 0 
TotaliCatronscn ido oe ss 392 116 0-3 0-3 0-3 
Anions ‘ 

Bicarbonate (HCQO3~7) 276 0 0-3 0-3 0 

Carbonate (CO37—~).. 0 0 0 0 0-3 

Hydroxide (OH-).... 0) 0 0 0 0 

Sulphate (SO4--).... 100 100 NG ah prea 

Chloride (Cl-)....... 16 16 ree 
TotalcaniOnss sess cere 392 116 0-3 0-3 0-34 
Carbon dioxide, free.... 15 243 243 2-6 0 
Silica eae. po ae ae eee 15 15 15 15 0-0.55 
ols aan Weare en ss oust ee C33 2.5-3.0 4.3-4.8 5.0-5.6 8.0-9.0 
Total dissolved solids... Ri oe 18 8 2-6 

@ 2.5 average throughout run (total electrolytes). 

b 0.1-0.2 average throughout run (SiOz). 

Notes: 

A, Raw 


B, From first step or cation units. 

C, From second step or weakly basic anion units. 
D, From decarbonator. 

E, From third step or silica removal unit. 


end of the run. The total electrolytes are reduced from nearly 
400 ppm down tounder5ppm. Therefore the effluent more than 
meets the USP standard of less than 10 ppm total solids, including 
the silica. 

Although this water is not used for boiler-feed purposes, the 
continued satisfactory performance of this equipment has been 
reassuring to boiler-plant operators who were interested in the 
possibility of applying this system to boiler-feed make-up treat- 
ment. 

Actually, during the last year there is evidence of a great in- 
crease in interest in this new system. A number of installations 
have been ordered. 

Case 2 Central Power Plant. In the spring of 1949, a power 
plant in the Midwest, which had bought an evaporator for its 
make-up, decided to install a hydrogen-zeolite unit plus an alkali 
feed for neutralization plus a degasifier to pretreat the water to 
the evaporator. While receiving estimates of cost of this pre- 
treating equipment the company also investigated the possibility 
of adding an anion exchanger for removal of the anions as well as 
the silica, and finally purchased a two-step demineralizer and 
silica-removal plant, using the evaporator as an emergency 
stand-by. The raw water comes from a well. The analysis is 
given in Table 5 of this discussion. The plant will have a capac- 
ity of 20,000#/hr, and is expected to be in operation early in 
1950. 

Case 3 Industrial Boiler Plant. Another order received was 
from an industrial plant on the West Coast. This plant pre- 
viously used evaporators for producing distilled water for make- 
up purposes for the 420-psig boilers. Due to plant expansion it 
was necessary to provide for additional make-up. At that time 
it was decided to discontinue the evaporator and replace it by a 
demineralizer and ion-exchange silica-removal plant and to in- 
stall a plant large enough to take care of the expansion. 

One of the advantages of the demineralizer is that it permits 
the boiler to generate steam lower in free carbonic-acid content 
than the evaporator. This is due to the very low alkalinity of 
the demineralized effluent and its actual freedom from free CO.. 
The pH value of the effluent is usually over 8.5 because the 
strongly basic anion exchanger absorbs free CO: as carbonic acid. 
The steam from the evaporator, on the other hand, would contain 
all the CO, that is formed by the decomposition of the feedwater 
alkalinity. 
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TABLE 5 ANALYSIS OF RAW WATER 


Ppm 
Total hardness as CaCOs.....c cece cea ne 240 
IMO alkalinity as ‘Ca©Qs,...bs..0--.+.. cin 247 
Sulphatestas ia CO ;..00%. Lette 4 HAL 13 
@hlorides ag Ca COs. tc we hay Acca clue 3 
Silicaras SiOst eee. or oti eee ery oe eee 13 
reat @Osrag) COsgrercs «Puech ox teas cana k 36 
InGnsasshioratee hack he cee clk ek 0.3 
Pstimated pH value... 6... eee dee tT. 2 

Desired Quality of Effluent 

Total hardness as CaCQ3.................. 0 to 2 
Mmotalieations asiCaCOy, 6. hess ocho ook ok 2to 5 
otalvanionssas CaCOsi cosh acm sks. deen 2 to 5 
pond (hers ASH Oa Seis gee ieee in| Gann Geen under 0.5 


Olt Uo. ey hee ee a ee under 7.7 


The raw water in this case has the following analysis: 


HCO; 40 
Ca 50 CO; 8 
Meg 17 Cl 19 
Na 19 SO, 19 
Total cations 86 ppmas CaCO; Totalanions 86 ppm as CaCO; 
si0, 11 
pH 8.5 


The demineralizing plant, which will have a capacity of 
100,000 lb per hr, will consist of three steps, a cation exchanger in 
the first step, a weakly basic anion exchanger in the second step, 
then a decarbonator, and finally a strongly basic anion exchanger 
in the third step which will remove the residual anions and the 


silica. The quality of the effluent desired in this case is as 
follows: 
ppm ppm 

Ca 0-1 HCO; 0-3 

Mg 0-1 SO. 0-1 

Na 0-3 cl on 
Total cations 0-5 as CaCO; Totalanions 0.5 as CaCO; 

SiOz under 0.2 ppm 

pH over 8.0 


A number of similar installations are being made in the Mid- 
west in central power plants and, judging from the inquiries and 
specifications that we are receiving calling for bids on this type of 
equipment, there can be no doubt that boiler users are becoming 
aware of the advantages of this system and that a definite trend 
has developed favoring that system instead of evaporators or 
ferric-hydroxide adsorption of silica. 

Demineralizing by two-step ion exchange was in operation for 
some years, but the anion-exchange resin in the second step was 
of the weakly basic type which did not remove silica. Obviously, 
the removal of cations and anions without removing siJica did not 
equal the performance of evaporators, because the boilers would 
have to be blown off heavily to keep the silica concentration low. 
It was discovered that by adding fluorides to the raw water, the 
ordinary demineralizer, using a weakly basic anion exchanger, 
would be able to remove the silica, and some plants were installed 
using thissystem. However, it had disadvantages of high operat- 
ing cost, and there was a possibility of fluorides going over with 
the steam into the turbines. 

With the advent of the highly basic anion-exchanger material, 
which removes silica, it is possible to remove silica without adding 
fluorides, The full advantage of the demineralizing process is, 
therefore, now available to produce a water of such low electrolyte 
and low silica content that it is the chemical equivalent of dis- 
tilled water for boiler-feed purposes. 

It is to be hoped that the actual experience with the plants 
which will be in operation during 1950, will be presented in 
papers before the Society so that additionl evidence of the good 
results obtainable with this new process will be available. 
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D. C. Carmicuant.’ The paper presents a highly interesting 
subject and one upon which considerable study work was carried 
out before establishing that a 1400-psi boiler could be operated 
with 100 per cent make-up. 

This work consisted of construction and operation of a 7-gpm 
water-treatment plant for color and silica removal. The results 
as to silica removal were much the same as later proved in ‘the 
plant-size treatment system. The second step of this work was 
the operation of a 1400-psi boiler with a heating surface of 
approximately 41/. sq ft. The design of this boiler allowed for 
operation with a heat input up to and including 100,000 Btu per 
sqft per hr. The feedwater for this experimental boiler was 100 
per cent make-up from the mentioned water-treatment plant. 
The experimental boiler was operated for a total period of 120 
days, and the prediction at that time was that the plant-size 
boiler would be operated for at least 6 months between internal 
cleanings. 

The operating results in the Deepwater Operating Company’s 
water-treatment plant may be of interest and are shown in Table 
6 herewith. The constituents in the raw water do not vary 
widely from day to day, although the hardness has increased 
somewhat during 1948 and 1949. The hardness increase in the 
feedwater is due to the ferric sulphate and lime treatment. The 
silica content of the feedwater is fairly constant, irrespective of 
changes in the raw water. It may be said that the operation of 
the water-treatment plant is on a routine basis, although some 
interesting problems arose in the starting of the plant. 

Fig. 9 of this discussion is a view of the precipitators, showing 
the lattice wave arrestors. When the plant was placed in opera- 
tion, wind action stirred the water to the extent that water of a 
very unsatisfactory quality resulted. Covering of the tanks was 
considered but the wave action was overcome by a very low-cost 
idea—that of floating wood lath interlocked with nails as shown. 
This wave breaker was cheap and requires little maintenance. 


7 Design Division, E. I. du Pont de Nemours and Company, Wil- 
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TABLE 6 DEEPWATER OPERATING COMPANY—NO. 7 BOILER 
—WATER-TREATMENT DATA 


Chemical Feed 


Filter Effluent 

| Ferric 
Total aa08 Sulphate 
Hardness | P.P.H. P. 


P.M, 
121 
166 
139 
122 
207 
152 
129 
184 
1 
105 
22h 
16 


1949 to 
date 
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Fig. 10 shows the operating valves of the gravity filters, the 
valves being located at floor level. They are readily accessible 
and make for lower investment than when a gallery floor is 
installed. 

Fig. 11 shows the operating valves of the zeolite softeners. 
The softeners are located across the aisle from the filters, thus 
making for accessible operation to both the filters and softeners 
without the operator walking a long distance. In present-day 
design, only the operating valves and immediate piping would be 
housed with the shell proper outside, thus decreasing the building 
investment. 

Table 7 of this discussion shows the boiler-water constituents. 


Fic.9 Virw or PreciritaTors SHOWING LaTTicE WAVE ARRESTOR 


10 Permutir Gravity Firters—DrrpwaTER OPERATING 
CoMPANY 


Fig. 


The blowdown varies from 15 to 20 per cent of the total feed- 
water, and no turbine-blade deposits have been encountered with 
the siica and total solid concentrations shown. The final criterion 
of the feedwater treatment is in the internal condition of the 
boiler. 
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y DEEPWATER OPERATING COMPANY—NO. 7 BOILER 
nas as —BOILER-WATER CONCENTRATIONS 


77 | 1508 


10,0 
111 922 


16,5 354 
16,0 9 178 


Fic. 11 Permurir Zeouire SorreENERS—DEEPWATER OPERATING 
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Fig. 12 is a side-elevation view of the 1942 boiler installation 
operating with 100 per cent make-up as mentioned in the paper. 
The remaining views were taken during the annual inspection of 
the upper drum and lower drum to show the internal conditions. 

Fig. 13 is of the upper drum, which indicates absence of scale or 
sludge in the drum itself as well as the cyclone separators. Fig. 
14 is of the Jower drum during the same inspection and likewise 
shows very little sludge present. These views were taken in 
June, 1948, after 3 years of operation since the previous cleaning. 

The paper gives comparisons on 100 per cent softening versus 
100 per cent demineralization. Equipment-cost comparisons 
between the two methods of treatment would be very enlighten- 
ing. Likewise, would the boiler manufacturer agree to greater 
output in pounds per hour with the same unit on 100 per cent 
demineralized water, as compared to 100 per cent softened water, 
or would a lower-cost boiler unit be offered for the same output 
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when 100 per cent demineralized water is the source of feedwater? 
After all, it is the economics of any installation which governs, to 
a large extent, the type of equipment and design. 

In conclusion, it might be stated that the operating results on 
100 per cent treated make-up show that the operating difficulties 
are no greater than have been experienced in many high-pressure 
boilers operating on low percentages of evaporated make-up. 


P. H. Knowxron.’ The authors correctly emphasize the very 
high thermal efficiency of electric power production in plants 
where the power may be generated as a by-product of the genera- 
tion of steam for other than power purposes. In the case of the 
Deepwater plant, elimination of the evaporator heat exchangers 
increases the amount of such high-efficiency power, which repre- 
sents a gain in useful power output of the plant. 

The improvements in feedwater treatment which make pos- 
sible good operation without the evaporators constitute a valuable 
contribution to the development of more efficient power plants. 

The authors point out that when a public utility and an indus- 
trial company co-operate in the design and use of a plant for pro- 
ducing steam and electric power, the tendency is to design a plant 
giving the largest amount of electric power, in proportion to 
steam, that can be shown to be economical. This tendency is to 
be commended, since it means that fuel resources are conserved, 
as the thermal efficiency at which this power is generated is 
much higher than by any other available means. 


EK. A. Pirsu.2 The authors have presented an interesting 
study of process steam plants generating by-product electric 
power. Heat balances are given for systems utilizing high-pres- 
sure turbines exhausting either directly to process or to the coils 

- of evaporators, which in turn deliver the steam to process. The 
low heat rates in these types of plants show that the by-product 
power can be produced at a much lower fuel cost than is attaina- 
ble in a central station which wastes heat to the condenser cool- 
ing water. The increasing number of plants which are operating 
successfully in this manner at or near 100 per cent make-up 
demonstrate the feasibility of such operation even under drastic 
water-treatment demands. 

It is true that when high-pressure boilers were first installed 
the design engineers were reluctant to believe that they could be 
operated successfully with 100 per cent make-up. This attitude 
was in part based upon the knowledge that if excessive blow- 
down were to be avoided with the poorer quality of feedwater 
available to the high make-up boiler, it would be necessary to 
carry the boiler-water concentrations at much- higher values. 
The capacity of the steam-separating equipment available at 
that time was influenced by increased boiler-water concentrations 
to a much greater degree than is the case with present-day steam- 
separating equipment. For this reason the maximum allowable 
steaming rate per foot length of drum was a more important con- 
sideration on over-all boiler design than it is at present. 

The improved steam-separation and purification equipment 
now available permits a plant to carry boiler-water concentrations 
at higher values and to obtain better steam purity than was for- 
merly possible. This results in a decreased blowdown require- 
ment which is a very significant factor in the operation of high 
make-up boilers fed with water of relatively high dissolved-solid 
concentration. 

There are now a considerable number of installations operating 
at or near 100 per cent make-up and at pressures ranging up to 
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2200 psi which deliver steam with a maximum total dissolved- 
solids content between 0.5 to 0.8 ppm, when carrying boiler-water 
concentrations up to 2500 ppm. The absence of tube failures 
and the long intervals between required cleanings on the waterside 
in these units is evidence that a properly designed boiler can be 
operated successfully under conditions of high make-up and high 
boiler-water concentrations, provided the boiler water is prop- 
erly conditioned. 

The pioneer design and operation of high-pressure boilers, 
which occurred during the 1920’s, were beset with many new prob- 
lems, and the design engineers, with justification, insisted that 
these boilers should operate with low make-up so as not to intro- 
duce unnecessary complexities through the use of a poorer-quality 
feedwater. It must be remembered that the science of water 
conditioning was in its infancy during this period, and the use of 
phosphates for water conditioning had just been introduced. 

The accumulated knowledge obtained from experiences since 
that time has led to a clearer conception of the objectives to be 
achieved, a more thorough understanding of the principles in- 
volved, and the development of better and more economical 
means of feedwater- and boiler-water conditioning. Thus the 
quality of the feedwater for high make-up boilers has improved 
to the point where it is found economically practical in many in- 
stances to produce, by demineralization, a water whose purity 
approaches that of distilled water. 

Proper conditioning of the sludge is of very great importance 
in a high make-up boiler because of the greater amounts which 
are present. The sludge must be in such condition that it is 
nonadherent to the surfaces in the boiler and must be kept in sus- 
pension so that it can be blown down from the unit. Sludge- 
dispersal agents have proved of tremendous value in performing 
these functions. The advances in the science of water condition- 
ing must receive the major share of the credit for the demon- 
strated successful operation of high-pressure, high-make-up 
boilers. 

The increasing demand for electric power in this country will 
stimulate the production of by-product power in process-steam 
installations, and the success of these plants must be credited in 
large part to the knowledge disseminated by those who have 
pioneered this type of operation. 


W.C. Woopman."° The authors have presented a paper which 
draws attention to the exceptional opportunities afforded in an 
industrial plant for obtaining power at fairly low cost where it is 
possible to generate this power as a by-product of process steam. 
The economics of the situation, as the authors point out, in the 
end often dictates the system or cycle to be employed, and 
present-day production costs require the adoption of pressures and 
temperatures, and the utilization of heat-saving devices not 
hereto economically justifiable. 

One such device which is particularly applicable to the type of 
plant chosen by the authors is the thoroughfare desuperheater. 
By employing this type of heat exchanger, a substantial increase 
in power may be developed without the generation of additional 
steam, or conversely, a considerable improvement in economy 
may be obtained with the same power development. When 
employing steam for process, that temperature which may be 
tolerated in the exhaust steam limits the turbine initial tempera- 
ture to a value less than that which is often economically justi- 
fiable. With the use of a thoroughfare desuperheater, which is a 
wholly practicable heat exchanger, the initial temperature at the 
turbine inlet may be increased, while the temperature of the 
exhaust steam supplied to process is reduced on passing through 
this desuperheater to approximately the value which would be 
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obtained from a turbine having low initial steam temperature. 
Feedwater forms the cooling medium in the desuperheater. The 
heat balance, Fig. 15 of this discussion, illustrates the thorough- 
fare desuperheater applied to the cycle in the authors’ Fig. 6. 
Over 5500 additional kilowatts, representing an increase of 26 per 
cent, have been obtained with substantially the same boiler out- 
put and cycle heat rate. To obtain this additional power, the 
boiler, turbine, and connecting piping must be designed for the 
higher temperature, and the thoroughfare desuperheater pro- 
vided. It is estimated that these modifications can be installed 
for less than $50 per kw of increased capacity, which is a rela- 
tively economical means of obtaining additional power. 

For industrial plants where power and process-steam demand 
are not so nicely balanced as in the instances cited by the authors, 
an extraction-condensing turbine generator can be employed. 
The use of a thoroughfare desuperheater is equally adaptable for 
installation in the extraction steam line and permits realizing the 
added capacity or economy resulting from high initial tempera- 
ture, without increasing the temperature of the extraction steam 
to process. 

One economic fact in the authors’ paper might be given more 
emphasis and that is the increased construction cost of deminer- 
alization over softening equipment. The extra power derived 
from the demineralization plant, Fig. 7 of the paper, over the 
softening plant, Fig. 6, is relatively costly. It is estimated that 
the extra cost of demineralization equipment over the cost of 
sodium zeolite would approximate the cost of equipping for the 
high-temperature operation described, and for the conditions 
assumed by the authors, the purchaser would get greater return 
on his investment by utilizing high-temperature equipment. 
The improvement in the cycle resulting from the use of a de- 
mineralizing plant develops a net increase of 1170 kw, which we 
estimate would have an incremental cost of approximately $275 
per kw, which seems to us to be more costly than the addition of a 
condensing end on the turbine. 
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This apparent advantage of one method of obtaining additional 
output over the method proposed by the authors serves also to 
emphasize the need for comprehensive analysis and engineering of 
each project. 


AuTHorRS’ CLOSURE 


The requests for supplementary and more detailed data on 
costs are natural and numerous. The problem, which confronts 
the authors, is to prepare such figures so that they will be of use 
and free of the possibilities of misinterpretation. When any 
attempt is made to give dollar values, which purport to be 
“averages” or “representative,” they are always subject to mis- 
use because of failure by all parties concerned to be on a common 
ground. This will occur despite the efforts to resolve differ- 
ences. We are saddled with the inherent weaknesses of such 
approaches on the averages. 

Mr. Adams correctly states that chemically softened make-up 
will produce more power per unit of process steam than evapo- 
rated make-up. Whether demineralization would be more 
economical than softening in a specific instance would depend 
upon many variables including not only water conditions, equip- 
ment and installation costs, and expenses for fuel and operating 
labor, but also upon the judgement of project designing engi- 
neers. Mr. Adams’ figure of 0.24 cents per kwh obtained by 
dividing the increment of chemical cost by the increment of 
power is considerably less than the production cost of most 
condensing plants. Consequently it might be considered as an 
argument for demineralization. 

As Mr. Applebaum indicates, demineralization is receiving 
much attention. Undoubtedly the ASME will welcome papers 
presenting conclusive operating results on this method of treat- 
ment. 

Mr. Carmichael, because of his direct association with the 
design and initial operation of the Deepwater 100 per cent 
Make-up Unit, is well-qualified to discuss experiences with this 
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installation. The authors are most grateful for his contribution. 
However, as previously indicated, they are reluctant to give 
comparison of plant-equipment costs involved when employing 
softened and demineralized make-up. Mr. Carmichael’s ques- 
tion concerning boiler design and cost for the two treatments 
represents only one of the variables which hinges largely on the 
judgment of the persons concerned. In a case where an existing 
condensing plant boiler is to be operated such to require high 
make-up, it probably would reflect good engineering judgment to 
demineralize rather than soften the make-up water. 

It is gratifying to have Mr. Knowlton agree with the thesis of 
the paper and to emphasize the possibilities in reducing power 
costs by co-operation of public utilities and the industries requir- 
ing large quantities of process steam. Both he and Mr. Pirsh 
present pertinent observations. 

It is most helpful of Mr. Woodman to have prepared a com- 
plete heat balance on the use of the thoroughfare heater. The 
data shown in his Fig. 15 are directly comparable with those 
contained in the body of the paper and the ASME should be 
grateful that Mr. Woodman has taken the time to work out such 
an exact analysis. He cites the gain in power for a given process- 
steam flow and ventures an estimate of the additional invest- 
ment. In the case of the Deepwater 100 per cent softened make- 
up installation, the use of the thoroughfare heater was studied 
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but its installation was not considered to be justifiable on the 
basis of cost. Other specific cases, coupled with today’s prices, 
could very reasonably lead to different conclusions. 

In a similar fashion, any analysis made today should recognize 
the potentialities of mercury vapor for by-product power genera- 
tion. Great strides have been made in this field and if a mercury 
boiler-turbine-condenser-steam unit were postulated instead of 
the combinations considered in this paper, the ratio of power to 
process steam would again run to much higher values. 

If, for the conditions shown in the heat balances, the output of 
electric energy in Fig. 3, using a process-steam evaporator, could 
be considered for comparative purposes as 1.0, then the output 
with softened make-up, Fig. 6, would be 1.8, and with deminer- 
alized make-up, Fig. 7, 1.9. With the thoroughfare heater of 
Mr. Woodman’s Fig. 15, this value for electric power output 
would climb to 2.4. If mercury vapor were used, then the by- 
product power would reach a value nearly double that of Fig. 15, 
actually about 4.4. This high ratio of power to process steam 
offers one of the real merits of mercury vapor. The disadvantage 
of the picture is the dollar cost of the increment investment. 
This, in many instances, is, at present, unfavorable to mercury 
vapor. But the continually changing prices for fuel and equip- 
ment are bound to alter any conclusions on the economic merit 
of the proposal and a continuing study is justified. 


Sulphite and Silica in Boiler Water 
at Springdale 


By L. E. HANKISON! ano M. D. BAKER,? PITTSBURGH, PA. 


Hydrogen sulphide was first detected in the gases dis- 
charged from the air ejector of the main condenser of No. 
7 unit at Springdale Station of West Penn Power Company 
about 6 months after the unit was placed in service. The 
story of potassium sulphite and its connection with this 
unit will form the first part of this paper. Silica deposi- 
tion on the turbine blades was quite rapid, and after 8 
months operation it was necessary to sandblast the silica 
from the blades. The search for the source of this silica, 
together with the information found and the corrections 
applied, will also be discussed. 


O. 7 unit at the Springdale Station of the West Penn Power 

Company isa one boiler - one turbine installation, and is 

operated independently from the rest of the station. This 
furnishes an excellent opportunity to make a closely controlled 
study of the boiler and the turbine as regards water conditions. 
The unit is fully equipped with instruments as well as what was 
believed to be a fair complement of sampling facilities for making 
an investigation. 

The boiler is a radiant-heat divided-furnace type furnished by 
the Babcock & Wilcox Company, and is rated at 800,000 Ib 
per hr of steam at 930 F total temperature, and 13850 psi drum 
pressure. The turbogenerator is Westinghouse and is usually 
operated at 85,000 kw. This addition to the Springdale Station 
was put in regular operating service January 14, 1946. 


SAMPLING BoILER WATER 


The three original boiler-water sampling points were selected so 
that the samples obtained would show differences, if any existed, 
in concentration or chemical constituents at three different parts 
of the boiler. These are located as follows: 


No.1 This sample is collected from the continuous-blowdown 
line which extends from the left drumhead to the middle of the 
drum. It has smal] intake holes throughout its length. Theore- 
tically, this blowoff pipe should give a representative sample of 
the water surrounding the length of the pipe, but at best this 
would be true only when a heavy blowdown was being made. 
At all other times the sample from this point would be repre- 
sentative of the water surrounding the first few holes in the col- 
lecting pipe. It is thought that the No. 1 sampling point gives 
conditions which exist only at the left end of the drum. 

No.2 This point is located 5 ft from the top end of No. 40 tube 
in the front wall. The sample obtained was supposed to represent 
the water in the left half of the boiler and was placed high up in 
the tube in order to determine if any difference existed in the 
chemical constituents of the boiler water because of hot spots or 
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faulty circulation. 
95 ft long. 

No. 3 Similar to location of No. 2 sampling point, except this 
point is in tube No. 119 at the opposite or right half of the front 
wall. 


This wall contains 160 three-in-OD tubes: 


The boiler water of the unit has always been conditioned with 
potassium salts. The chemicals used are potassium phosphate, 
potassium hydroxide, potassium chloride, and potassium sul- 
phite. These chemicals were introduced into the boiler water at. 
the drum in order that the least possible amount of solids would 
be in the water delivered to the attemperator. The use of potas- 
sium salts for boiler-water treatment has been described pre- 
viously by the authors.’ 

Sulphite. West Penn Power Company considers sulphite an 
essential conditioning chemical in boiler water. Experience with 
lack of sulphite was quite expensive and was described by the 
authors of this paper in a previous presentation.‘ It has been 
used in No. 77 boiler since it was first put in service, and its use is 
expected to continue. 

It was noted quite early in the operation of the boiler that 
sulphite analyses of the boiler water were erratic and that the 
desired concentration was hard to maintain. Also, the water 
samples contained various quantities of finely divided black iron 
and copper oxides. The sulphite might vary from 10 ppm excess 
to none in two consecutive samples from the same sampling point. 
The day-by-day variations in all constituents in boiler-water 
analyses except sulphite were in proper proportion, and this gave 
confidence of correct methods of sampling. The varying results 
gave reason to question the equipment used to obtain the samples, 
and the water circulation in the boiler. These conditions, and 
particularly the unpredictable results of the sulphite analyses 
were the cause of much concern, and the reason for the boiler- 
water investigation. 

Six months after the boiler was placed in service, intermittent 
shots of hydrogen sulphide were discharged at the air ejector of 
the main condenser. As time elapsed, the number and intensity 
of the shots became greater. The amount of hydrogen sulphide 
was sufficient to make the air in the turbine room offensive to the 
operators. The hydrogen sulphide in the 5 cfm of gases dis- 
charged from the air ejector was determined colorimetrically, 
using sodium plumbite. The amount usually found varied from | 
5 to 25 ppm. The maximum determined was 192 ppm by volume 
or 229 ppm by weight. This high figure does not represent a large 
amount of hydrogen sulphide, as 229 ppm by weight in 7200 cu 
ft of gases per day equals only 6.03 grams. This is equivalent to 
1.12 ounces of potassium sulphite. At this time the sulphite feed 
was varying between 6 and 10 Jb per day. 

A probable reaction for the decomposition of potassium sul- 
phite in high-pressure-boiler water is as follows 


4 K.SO; > 3 K.S0, + KS 


3 “History of Potassium Boiler-Water Treatment at Springdale,” 
by L. E. Hankison and M. D. Baker, Trans. ASME, vol. 67, 1945, 
pp. 317-324. 

4 “Corrosion and Embrittlement of Boiler Metal of 1350 Pounds 
Operating Pressure,’’ by L. E. Hankison and M. D. Baker, Trans. 
ASME, vol. 69, 1947, pp. 479-486. 
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This reaction will occur with the dry salt heated to a red heat. 
It has also been reported to occur in solution in the presence of 
copper or iron compounds at temperatures above 490 F.* At 
this temperature, with the same catalysts, hydrogen sulphide can 
be produced from potassium sulphide as in the following 


K.S + H.O > KOH + HS 


This reaction was confirmed by the high alkalinity of the boiler 
water at the time the hydrogen sulphide was most noticeable. 
During a period of several weeks the pH of the boiler water was 
in excess of 11.3 without feeding any caustic. 

Boiler-water treatment was fed directly into the drum through 
a chemical feed bottle once each day. While not a constant oc- 
currence, the heaviest discharge of hydrogen sulphide occurred 
45 to 90 min after the chemicals were added. The minimum sul- 
phite concentration was set at 3 ppm, and, to prevent going below 
this value, it was necessary to have 35 to 45 ppm of sulphite in the 
boiler water immediately after adding the chemical. 

A theory that concentrations this high were the cause for the 
decomposition of sulphite with the resultant formation of sulphide 
was disproved. Tests were made on three other boilers of the 
same pressure with sulphite increased by shot treatment to con- 
centrations of 60 to 90 ppm with no detected formation of hydro- 
gen sulphide. The only difference in the chemical conditioning 
of the four boilers was in the rate of feed from the chemical bot- 
tles. The charge of chemicals in the bottle of No. 77 boiler would 
be emptied in a few minutes, while at least '/2 hr was required to 
empty the bottle on each of the other boilers. In all four boilers, 
the high concentration of sulphite would be reduced to 10 ppm 
or less in 24 hr. No satisfactory explanation for this reduction or 
disappearance of sulphite in oxygen-free water is offered or has 
been found in the literature. 

The set minimum concentration of 3 ppm of sulphite in No. 77 
boiler was reduced to 1 ppm, but positive tests for hydrogen sul- 
phide were obtained with 1 ppm of sulphite in the boiler water. 
This seemed to confirm the thought that the boiler had faulty 
circulation and was developing hot spots with the resultant de- 
composition of sulphite. 

Two plans of action were started immediately, as follows: 


1 Purchase and installation of a chemical feed pump: that 
would permit continuous chemical treatment. 

2 Installation of additional sampling coils which would permit 
sufficient samples to be obtained to determine if points of high 
concentration were occurring. 


A Milton Roy pump of 3 gph capacity for continuous treatment 
was placed in service on April 5, 1947. The chemical treatment is 
pumped into the discharge line of the Hankison boiler-water 
recirculator which pumps water continuously from the boiler 
drum through the economizer for corrosion protection as de- 
scribed by Baker.® 

Fig. 1 shows where the chemical feed pump discharges into the 
recirculator line before the water from it enters the main boiler 
feed line downstream from the attemperator connection. Since 
this pump was placed in service, continuous low sulphite concen- 
trations have been easily maintained. Following this change in 
method of treatment there was a reduction in the intensity and 
frequency of the shots of hydrogen sulphide discharged by the air 
ejector, but 7 months elapsed before the production of this gas 
was entirely eliminated. 

Fifteen additional sampling points were located on the boiler 


' “The Behavior of Sodium Sulphite in High-Pressure Steam 
Boilers,’’ by R. M. Hitchens and J. W. Purssell, Trans. ASME, vol. 
60, 1938, pp. 469-473. 

6§“Keonomy in Boiler Water Recirculation,’ by M. D. Baker, 
Combustion, vol. 12, October, 1940, pp. 31-34. 
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tubes and headers so that the complete study was made with 18 
samples collected as nearly simultaneously as four men could 
collect them. The lower headers gave water conditions in each 
wall in accordance with the water supply from the drum. The 
additional tubes selected for sampling were thought to have the 
higher rates of evaporation, and consequently would be first to 
show faulty circulation. 

Table 1 lists the points of sampling and gives a typical set of 
analyses obtained from the 18 sample points. The variation in 
ratio of sulphite to the other constituents was typical of the daily 
analyses made over a period of several months. 

The boiler was acid-cleaned in April, 1947, to remove the heavy 
oxide deposit which was thought might be affecting circulation. 
It is estimated that the acid-cleaning and the subsequent washing 
of the drum and headers removed more than 500 lb of deposit. 
A partial analysis of the material which was removed is given in 
Table 2. 

At the time the boiler was acid-cleaned the turbine was in- 
spected. Severe active corrosion was found on the low-pressure- 
turbine casing at the discharge throat into the condenser. Also, 
the metals of the condenser were attacked where the condensed 
steam rained into the condenser. Subsequent inspections since 
the hydrogen sulphide disappeared show no active corrosion. 

The hydrogen sulphide had attacked the tubes in the air- 
ejector condenser. The tubes in the inlet section could be broken 
easily by the hands. The tubes are made of admiralty metal and 
those replaced in April, 1947, are still giving satisfactory serv- 
ice. 
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TABLE 1 POINTS OF SAMPLING AND TYPICAL ANALYSES 
OBTAINED 

Sample Date - 5/9/47 
Sample Points 83 awe Bo, PO) ee 
Drum South End bbl 720 S 28 100 
South Wall Lower Header 11 708 u 26 96 
South Division Wall Lower Header u 695 3 2h 89 
South Convection Wall Lower Header 10 665 2 2h 92 
West Wall Lower Header abl 625 5 2h 90 
East Wall Lower Header un 682 3 2h 84 
East Wall No. 40 Tube Bottom u 714 4 22 98 
East Wall No. 0 Tube Top 13 700 3 2h 95 
East Wall No. 66 Tube Bottom 7 678 3 2h 100 
East Wall No. 66 Tube Top 9 636 k 23 88 
East Wall No. 119 Tube Bottom Ss 650 3 22 85 
East Wall No. 119 Tube Top 9 635 2 22 90 
Drum Center 6 660 4 26 91 
North Convection Wall Lower Header 6 626 3 22 86 
North Division Wall Lower Header 10 660 4 2h 92 
North Division Wall No. X Tube Bottom v 6L8 4 23 85 
North Division Wall No. X Tube Top 6 645 2 2h 92 
North Wall Lower Header n 660 2 2h 85 


TABLE 2 MATERIAL REMOVED FROM BOILER BEFORE ACID 


CLEANING 
Per cent 
RSELUC eu eas peo d Od Pceeep menial ae can cae Ate oct signed w faye avis ve es esweuees ar (Ow 
Tron Oxide as eO ehigth. ae seers soe Sees Bel atch ate 72.8 
(Oey ey aver? 2 SOG NRF en nA ERR RES ecco Re So er Cae 15.8 
PethospantetassieOo tan tear. io, cee emo toe a ate Bia 


Theory of Hydrogen-Sulphide Formation. A probable theory for 
the formation of hydrogen sulphide is that while 45 ppm of sul- 
phite was the maximum found in the boiler water after shot treat- 
ment, at the time of injection the concentration was much higher 
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and decomposition occurred. A large proportion of the gas was 
discharged from the air ejector, but some was absorbed by the 
condensate and recirculated in the boiler-water cycle. It is quite 
possible that a large number of cycles were required to discharge 
all the absorbed gas. The hydrogen sulphide when absorbed by 
the condensate produced an acid solution which attacked the 
metals of the system. These dissolved metals when finally con- 
centrated in the boiler would settle out as oxides, but during the 
conversion from sulphide to oxide, they served as catalysts to: 
break down more of the sulphite. With the removal of deposits. 
by acid-cleaning, and the elimination of large excesses of sulphite, 
the desired boiler-water condition was slowly established, and the 
hydrogen sulphide gradually reduced. 

The inconsistent sulphite analyses still persisted with the con- 
tinuous feed of boiler-water chemicals. In the study to determine 
all inconsistencies it was noted that copper and steel were used in 
various combinations for sampling lines and inner coils of cooling 
coils. Table 3 shows the result of this phase of the study. It is to 
be noted that the samples collected through copper gave erratic 
sulphite results. Samples collected through steel gave .con- 
sistent results. 

The confirmation that copper reduced the sulphite in the sample 
was obtained from a series of tests made at the No. 40 tube top 
sample connection. The steel sample line from the valve was 
brought out to a tee. Each side of the tee was connected with the 
same length of steel tubing to sample coils; one with copper inner 
coil, the other with a stainless-steel inner coil. The flow was 
regulated at each coil so that the volume of sample was the same. 
Table 4 is typical of the results that were obtained on numerous 
tests with a copper coil and stainless-steel coil in parallel; and 
also with two stainless-steel coils in parallel. In all tests the 
sample from the copper coil gave a lower sulphite reading than 
was obtained in the sample from the stainless-steel coil. 

Effect of Copper Tubing. Evidence of the effect of copper tubing 
on the disappearance of sulphite in the boiler water was found at 
the time of the failure of a section of tubing connecting the source 
of the sample with the cooling coil. The copper tubing could not 
be made tight at the fitting and was replaced. The section re- 


TABLE 3 RESULTS OF TESTS WITH CONTINUOUS FEED OF BOILER-WATER CHEMICALS 


Sampling Inner 
Tube — Coil 
Metal Metal 
Drum South End s Ss 
South Wall Lower Header Ss Cu 
South Division Wall Lower Header s Cu 
South Convection Wall Lower Header Cu Cu 
West Wall Lower Header s Ss 
East Wall Lower Header s Ss 
East Wall No. 0 Tube Bottom Cu Cu 
East Wall No, O Tube Top s ss 
East Wall No. 66 Tube Bottom Cu Cu 
East Wall No. 66 Tube Top Cu Cu 
East Wall No. 119 Tube Bottom Cu Cu 
East Wall No. 119 Tube Top Ss Cu 
North Convection Wall Lower Header Cu Cu 
North Division Wall Lower Header s ss 
North Division Wall Nos X Tube Bottom Cu Cu 
North Division Wall No. X Tube Top Cu Cu 
North Wall Lower Header s ss 
S = Steel’ 


SS = Stainless Steel 


Cu = Copper 


1s 792 2 696 3 762 nue 922 9 730 
1 77h 2 65h 3 (EO 7 898 5 716 
14 762 2 610 75 9 875 9 697 
nah Heiks Oo 610 QO 675 6 828 h 666 
12 697 2 603 2 658 10 820 8 656 
14, 728 1 620 2 685 10 8h7 8 672 
Cie) 2 665 2 728 8 900 O “(PS 
14 750 2 635 sy es 10 865 8 710 
La 32 0 635 0 682 6 830 2 662 
9 700 0 592 o 610 6 808 0 658 
9 636 Oo 5hS Oo 598 5 765 0 635 
12 630 2 538 2 585 3 750 3 634 
7 616 O85 23 One575) 5 735 3 610 
13 648 56 2 610 9 786 7 665 
8 656 iy BS 0 610 h 776 h 642 
8 650 1 5h5 0 655 4 760 O 642 
ll 636 3 5h0 1 602 9 774 8 656 
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TABLE 4 RESULTS WITH COPPER ON STAINLESS-STEEL 
COILS IN PARALLEL, AND STAINLESS-STEEL COILS IN 
PARALLEL 
Conductiy- 
Coil Metal SO; ity SiOz PO, CL 
Sample date 7/16/47 
Coppertr cc.cieeicre 0 760 3 27 78 
Stainless steel........ 5 808 3 28 83 
Sample date 7/22/47 
Stainless steel........ 926 4 28 88 
Stainless steel........ 4 929 4 27, 88 


Fic. 2 Sprit Samptine TuBE SHOWING CoPpPER OXIDE COATING 


moved was split lengthwise and the inside was found to be coated 
with a black enamel-like coating that was badly cracked. In 
places, little chips of the coating had broken off exposing bare 
copper. Flakes of the coating removed for analyses were found 
to be copper oxide. Fig. 2 is a photograph of the split tube 
showing this oxide. A new section of bright copper tubing was 
installed. This section of tubing was inspected after a month 
of normal sampling service and showed definite discoloration. 
No further testing was done to determine the rate of attack 
as the copper tubing was replaced as soon as possible. No 
discoloration or metal attack has ever been found in steel tubing. 

Analyses were not made to explain the disappearance of sul- 
phite and the production of the copper-oxide coating. However, 
bright copper strips were exposed to cold boiler-water samples 
without discoloration. This would indicate that sulphide was not 
present in the boiler water. The least trace of sulphide added to 
these same samples would produce discoloration of the copper 
strip. 

After it was determined that copper would reduce sulphite in 
boiler-water samples, all permanent boiler-water-sample connec- 
tions and coils made of copper were replaced with steel. These 
changes corrected most of the erratic results, but it was found that 
variations in analyses still persisted and were more pronounced in 
warm weather than during cold weather. A study was made to 
determine the effect of temperature of the sample at the time of 
collection, and it was determined that: 

1 Samples collected from an all-steel system at temperatures 
above 80 F may give low SO; results. 

2 A sample collected through an all-steel sampling line, a 
stainless-steel inner cooling coil but with a short copper discharge 
tube from the coil will be affected if the sample has a temperature 
above 80 F. 

3 A long copper cooling-coil discharge tube can, at any tem- 
perature, reduce materially the SO; content of the sample. 

Some tests were made using monel sampling lines between the 
valve and cooling coils. Sufficient data were not obtained to 
arrive at definite conclusions but it was indicated that this metal 
would reduce the sulphite in the boiler-water sample, but not as 
much as copper. 
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Eliminating the erroneous results caused by the effect of copper 
on the sulphite content of the boiler water, the other data indi- 
cated that the boiler was free of circulation trouble. 


Sinica DEPOSITION ON TURBINE BLADES 


Silica. Silica deposition on turbine blades at Springdale has 
been mentioned in a previous paper.? The rate of deposition on 
No. 7 unit at Springdale confirms the findings of Straub and 
Grabowski? that silica concentrations above 5 ppm in the boiler 
water will cause blade deposition. The rate of deposition on the 
unit at Springdale is measured by the increase in pressure at No. 3 
bleed point. With clean blades and at a load of 85,000 kw on the 
turbine, the pressure at the third-stage bleed point is 128 psi. 
Any increase in this pressure usually indicates blade deposits. 

A definite limit for maximum silica in the boiler water was not 
established during the period from starting the unit until Sep- 
tember 14, 1946. Efforts were made to reduce the silica by blow- 
down, but no positive program was instituted. During the first 2 
months of this period, silica in the boiler water varied between 18 
and 25 ppm. During the remainder of the period the silica was 
gradually reduced to 8 ppm. At the time the unit was taken from 
service the third-stage pressure had increased to 155 psi. The 
cover was removed from the turbine and heavy blade deposits 
were found. The blades were cleaned by sandblasting which re- 
stored the turbine to a clean-blade condition. The unit was again 
placed in service October 1, 1946. During the first week after 
cleaning, the silica content of the boiler water varied between 13 
and 21 ppm. After this the silica content of the boiler water was 
maintained between 4 and 8 ppm, except for a few short periods. 
High silica was found after each boiler outage. Blowdown was 
used to reduce this value to below 5 ppm. 

All known sources of silica were investigated and eliminated. 
Silica due to evaporator carry-over was reduced to a minimum by 
maintaining the rate of evaporation at or below 50 per cent of 
rated capacity. Raw-water contamination could not be found. 
The possibility of silica in the water-conditioning chemicals was 
investigated and found to be negligible. Analytical procedure 
was investigated and, after a large amount of work, was found 
correct. With all these possibilities eliminated, unexplained 
sudden increases of the silica content of the boiler water were 
still experienced. 

The increase in third-stage bleed pressure confirmed the pres- 
ence of silica in the boiler water with subsequent vaporization 
and deposition on the turbine blades. The pressure had increased 
to 152 psi so that on March 19, 1948, the turbine was caustic- 
washed to remove this silica. After caustic-washing, the con- 
denser was tested using river water to fill the steam space. The 
river water was muddy and mud settled on the tube surface and 
was not drained out with the water. When the condenser was 
again placed in service a large amount of mud was carried into the 
boiler. After 20 hr of operation, the silica in the boiler water was 
found to be 116 ppm. The third-stage pressure was 135 psi and 
increasing rapidly. Due to load conditions the unit could not be 
taken out of service. 

Heavy blowdowns and vaporization of silica reduced the silica 
in the boiler water to 12 ppm by March 31, 1948, when the unit 
was again caustic-washed. By this time the turbine blades had 
enough deposit to cause the load on the unit to be reduced to 
81,000 kw to prevent safety-valve operations on the heaters. 
With this reduced load the third-stage pressure was 150 psi, and 
it was estimated that at 85,000-kw load this pressure would be in 
excess of 165 psi. After the second washing, the third-stage pres- 
sure was down to 130 psi when operating at 85,000-kw load. 


7 Silica Deposition in Steam Turbines,’ by F. G. Straub and 
H. A. Grabowski, Trans. ASME, vol. 67, 1945, pp. 309-316. 
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SWEET WATER TANK 


Fig. 3 Diagram SHowine RELATION oF SWEET WATER TANK AND 
Vents WiTH Stack 


Fly Ash Cause of Deposits of Silica. With few exceptions the 
silica content of the boiler water has been maintained at or below 
5 ppm since April 1, 1948. Occasional unexplained increases in 
silica were still experienced. A study of silica in the boiler water 
showed a relationship between silica increase and the direction of 
the wind. This apparently absurd observation was investigated 
and it was found that with a certain wind direction, fly ash from 
the stacks was blown into an open vent and entered the boiler 
feedwater system. Further investigation found that certain 
operations caused the manhole lid on a condensate-water storage 
tank to blow off. With this lid off, the roof vent caused a posi- 
tive draft across the tank. This tank is located in the same room 
with the forced- and induced-draft fans, and the hydromix valves 
for removing the fly ash from the Cottrell precipitator. At times, 
the air in this room carries large quantities of fly ash which were 
drawn into the condensate tank. Correctives were applied, 
and the unexplained high peaks in the silica content of the boiler 
water have been reduced but have not disappeared entirely. 
It is hoped that when all desired changes are made, silica in the 
boiler water due to fly ash will be eliminated. 

Figs. 3 and 4 show these changes in diagrammatic form. 

The benefits of the elimination of the fly ash have been shown 
by the maintenance of the silica in the boiler water below 5 
ppm since this source of contamination was discovered. Proof 
of the reduction in silica contamination is shown by the third- 
stage pressure on the turbine which has been constant at about 
145 psi for the past 5 months. Reduction of silica in the boiler 
water has been made, but complete elimination is still a problem 
of the future. 


CONCLUSIONS 


The conclusions of the study are as follows: 


1 The water circulation in the boiler is satisfactory. 

2 Continuous chemical treatment is needed to obtain satis- 
factory boiler-water conditioning with the maintenance of mini- 
mum concentrations of conditioning chemicals. 

3 Copper will remove sulphite from boiler-water samples. 
Steel should be used for sampling lines, cooling coils, and discharg2 
tubes for collecting boiler-water samples. 

4 Sulphite determinations may be in error if the sample is 
collected at or above 80 F. 
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5 Hydrogen sulphide in the water-steam circulation cycle of 
a power-station unit can produce severe corrosion. 

6 Silica contamination of the feedwater system may occur 
because of failure of design engineers to recognize the possibility 
of contamination by fly ash. 


Discussion 


C. U. Savoyz.$ This paper is one of those rare exceptions in 
which anyone, other than the boiler manufacturers, is willing to 
make the statement that ‘the water circulation in the boiler is 
satisfactory.” 

Long live Mr. Hankison and Mr. Baker! 

It takes less than half an hour to read this paper and to under- 
stand the results which seem so simple. It was quite a different 
matter for West Penn Power, looking into the problem from the 
front end, At that time they questioned everything, including 
boiler circulation; but instead of taking sides against it, they 
started out in their typical unbiased fashion to determine just 
what was the true cause and to cherish whatever they found. 
Obviously this attitude led them to the unexpected. 

I do not know whether or not the West Penn people make a 
better quality of electricity than any other power company, but 
they should be high up among the electrical lum tums if there is 
any validity in that little inscription on my package of sodium 
bicarbonate, i.e., ‘“The priceless ingredient in any product is the 
character and integrity of its maker.” 


AUTHORS’ CLOSURE 


It is indeed hard to present a suitable closure to such a dis— 
cussion as Mr. Savoye has presented, and it now seems right and’ 
proper to simply thank the discusser for his very kind words. 

It may be in order to state that the months between the time 
the paper was written and the present confirm the findings given: 
in the paper in every particular. To those who are still fighting 
silica, it will be of interest to advise that a period of six weeks: 
has just elapsed (April 20, 1950) during which time no blowdowns 
were made on the No. 77 boiler and the silica concentration in 
the boiler water has not exceeded 3.5 ppm. 


8 Executive Assistant, Babcock & Wilcox Company, New York,. 
N.Y. Mem. ASME. 


An Automatic Degasser for Steam Sampling 


in Power Plants 


By H. M. RIVERS,! W. H. TRAUTMAN,? ano G. W. GIBBLE? 


Electrical conductivity procedures are widely preferred 
for measuring the purity of condensed steam. Because 
gases such as carbon dioxide and ammonia contribute to 
the conductivity as do dissolved salts carried over from the 
boiler, interpretation of conductivity measurements may 
be somewhat uncertain. A new degasser has been de- 
veloped which automatically splits a steam sample into 
two approximately equal streams of condensate, one 
containing all solid impurities, the other containing all 
gaseous impurities in the original sample. Heat-exchange 
elements are combined in a unique way which guarantees 
that the weight ratio of one stream to the other will remain 
substantially constant. Both streams pass through con- 
ductivity flow cells so the degree of contamination can be 
measured continuously by conductometric means. 


conductivity of steam condensate can be measured 

(1),4 conductivity procedures are widely preferred— 
almost to the exclusion of all other methods—for precise deter- 
mination of steam purity. Interpretation of the conductivity 
measured directly on a condensed sample of steam is frequently 
uncertain, however, because gases such as carbon dioxide and 
ammonia contribute to the conductivity just as do the dissolved 
salts which may have been carried over from the boiler. Either 
these gases must be removed from the sample before conduc- 
tivity is measured, or they must be determined by chemical 
analysis so that a suitable correction can be applied. The latter 
procedure is cumbersome, time-consuming, and unsuitable when 
steam purity is to be determined continuously. Therefore an 
efficient steam-sample degasser, automatic in operation, is an 
essential requirement for continuous determination of steam 
purity by conductometric means. 

Various devices have been developed in recent years to remove 
gaseous impurities from steam samples (2). In general, these 
devices operate by first condensing the sample completely. The 
resulting condensate is then either distilled, aerated, or subjected 
to vacuum in order to expel the dissolved gases. These tech- 
niques are reasonably effective for removing gases present in 
simple solution. However, all gases which can contribute to 
conductivity, such as the ammonia and carbon dioxide commonly 
present in steam, react with water, forming ionized compounds. 
Only the undissociated fractions of these dissolved gases behave 
as gases and are relatively easily removable. The dissociated 
or chemically combined fraction is very much harder to eliminate 

1 Service Department, Hall Laboratories, Inc., Pittsburgh, Pa. 

2 Research Department, Hall Laboratories, Inc. 

3 Formerly with Hall Laboratories, Inc.; now with Arabian-Amer- 
ican Oil Company, Ras Tanura, Saudi Arabia. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and the Power Division and presented at the Annual Meet- 
ing, New York, N. Y., November 27-December 2, 1949, of Tux 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-74. 


B cecsece of the accuracy and ease with which the electrical 
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by customary procedures. Ammonia especially and carbon 
dioxide to a lesser degree exhibit this behavior. 

Ample experience in the past has shown how difficult it is to 
remove these dissolved gases from steam already condensed. 
The degasser to be described eliminates this problem altogether, 
simply by preventing the gases from becoming dissolved to any 
appreciable extent in the first place. 


OPERATION OF D&GASSER 


Fig. 1, a schematic diagram, shows: the principal parts of the 
degasser. Operation is first described briefly and is then ex- 
plained with additional details. 


1 Steam, throttled to between 15 and 100 psig, enters the 
double reboil coil A immersed in a condensate pool in the sepa- 
rator. Heat exchange takes place between the fluids inside andi 
outside of the coil. Steam in the coils is partially condensed: 
before discharge through orifices, and condensate in the pool! 
around the reboil coils is continuously boiled to eliminate traces: 
of gases. 

2 Uncondensed steam passing upward in the separator con- 
tacts the outside of the revaporizing chamber B. Partial con- 
densation occurs, with water returning to the pool around the 
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reboil coil A. The residual steam, containing gases, goes out the 
top of the separator. 

3 The steam containing the gases (“gas fraction’’), after 
leaving the separator, is completely condensed in condenser C. 

4 The condensate leaving C is passed into revaporizing 
chamber B, where it absorbs heat from the steam on the outside 
and is completely vaporized, effecting the partial condensation 
jn the separator, as mentioned in 2. 

5 The gas fraction leaves the revaporizing chamber in the 
separator, is then condensed and cooled in condenser D, passes 
through conductivity flow cell G, and overflows to waste. 

6 The water in the pool surrounding the reboil coil A 
contains the solids originally present in the steam but essentially 
no gases. This “solids fraction’’ overflows into a float chamber 
from which it issues continuously through float valve F. 

7 The solids fraction is then cooled in cooler E, passes 
through conductivity cell 8, and overflows to waste. 

Reboil coil A does three important things: (a) Partial con- 
densation of the steam sample provides water in bulk to collect 
all solid impurities in the original steam. (b) Condensation 
occurs only at boiling temperature; as a result of the low partial 
pressures of the gases and their lower solubility at higher tem- 
perature, they can contaminate the condensate only to a very 
slight extent. (c) Boiling outside coil A removes any traces of 
gas which may be picked up by condensate dripping down from 
the revaporizing chamber B. Thus all solid impurities—but 
practically no gases—remain in the condensate which overflows 
from the pool at A, and finally leaves through the float valve F. 
Cooled to room temperature at E, this stream of condensate is the 
solids fraction. 

Heat given up by steam condensing in reboil coil A generates 
an equivalent amount of steam outside coil A. Condensate 
formed in coil A passes out of the orifices along with steam and 
then drops back into the pool, replacing the liquid lost by evapora- 
tion there. Thus the steam flow upward through the degasser 
is equivalent in weight to the total flow of steam sample. 

Steam rising through the degasser passes revaporizing chamber 
B where some condensation occurs. This condensate (also 
substantially free from gas because it forms at high temperature 
and under low partial pressure of gases) falls into the pool where 
it is subjected to further reboiling. 

All steam leaving the separator is completely condensed in C. 
This condensate is revaporized completely in B because of the 
pressure differential which is maintained between the outside 
and inside of this revaporizing chamber. In the process, an 
equivalent amount of steam is condensed outside of B. For 
each pound of steam leaving the outlet of B, essentially a pound 
of condensate drips back into the pool and eventually discharges 
through F. The steam sample is thus split automatically and 
continuously into two streams flowing at nearly equal rates, the 
solids fraction, substantially gas-free, and the gas fraction, sub- 
stantially devoid of dissolved solids. 

Since all the solids are concentrated in a fraction comprising 
about one half of the original weight of steam, and the gases 
are in a fraction of corresponding size, “magnification” of the 
two types of constituents is obtained. In each case the measured 
conductivity is multiplied by a factor which will approximate 
0.5 to put the results on an original sample basis. The factor 0.5 
can be approached closely if condensation in the steam-sample 
lines is minimized. This is accomplished by using small 
sample lines as short as possible, and by insulating thoroughly. 

Since the concentration of solids in the solids fraction is about 
double that of the original sample, the accuracy of steam-purity 
measurements by conductometric or chemical means is materi- 
ally improved, particularly when the amount of contamination 
is slight. For certain special studies such as investigations of 
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“volatile silica” or ‘‘selective carry-over,’ an even further con- 
centration of solids in the solids fraction can be effected by bleed- 
ing off a portion of condensed gas fraction after condenser C. If 
a valve is inserted and used for this purpose, operation is no 
longer inherently automatic, but still will be reasonably stable. 

Often it is desirable to have a continuous indication of total 
content of gases in the steam. A recording of the conductivity 
of the gas fraction serves admirably for this purpose. In some 
cases it may be necessary to determine how much carbon dioxide, 
ammonia, hydrogen sulphide, or other gas is individually present. 
While this cannot be done conductometrically, the gas fraction 
provides a convenient concentrated sample for such analysis by 
chemical means. 


CoMMERCIAL UNIT 


The degasser® is shown completely assembled and ready for 
use in Fig.-2. Its total weight is about 90 lb with outside dimen- 


Fic. 2 Tse Commericau Unit 


sions 40 in. X 24in. X 9in. The case is made of stainless steel 
to withstand corrosive atmospheres. All parts which contact 
steam or condensate flowing to the conductivity cells are fabrica- 
ted of 18-8 stainless steel, thereby minimizing contamination 
of the sample. Regulation of cooling-water supply is easily 
accomplished by means of separate valves to the three coolers. 
Gages are provided to indicate the pressure of the throttled-steam 
sample and the operating pressure in the separator. Dial 
thermometers measure the temperatures of the condensed solids 
and gas fractions passing through the conductivity cells included 
with the equipment. 

The conductivity cells which are an integral part of the de- 
gasser are small in volume, thus minimizing lag in response to 
any change in sample composition. Cells will ordinarily have a 


5 Manufactured by Hagan Corporation, Pittsburgh, Pa. 
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0.1 constant. However, for very pure steam, it is sometimes 
advisable to magnify readings, particularly when results are below 
1micromho. Thus if a 0.01 constant cell is substituted, a read- 
ing of 0.6 micromho, for example, which may be hard to follow 
at the edge of some charts, can be brought toward the middle of 
the charts. 

The degasser is quite simple to install and can be moved from 
place to place with ease. 


Factors PropucinGc DEPENDABLE AUTOMATIC OPERATION 


In any degassing process, some water vapor must be vented 
away to remove the gaseous contaminants. If only a negligible 
fraction of the total sample is vented off, the high concentration 
of gas in the vented vapor tends to prevent complete gas removal 
from solution. On the other hand, if venting is copious, the 
volume of the remaining sample will be appreciably smaller, 
with the result that its solids content will be higher than in the 
steam undergoing test. These facts are almost universally 
ignored, with no attempt being made either to measure the vent 
loss or to control it within any but the widest of limits. Precise 
control over the rate of venting normally requires painstaking 
adjustment of cooling-water supply in proportion to rate of 
sample flow. This requirement for careful adjustment of sample 
and cooling-water flow rates—which generally must be done by 
hand—represents a serious shortcoming of most continuous de- 
gassers ia use at the present time. 

In the present degasser, this difficulty has been overcome effec- 
tively by the new combination of heat-exchange elements, the 
heat balance for which is presented in detail in the Appendix. 
The automatic method of splitting a continuously flowing steam 
sample into two nearly equivalent fractions depends on the ther- 
mal properties of steam and water—and nothing else. Since 
the total heat content of steam varies but little over the whole 
range of pressures encountered, the performance of the degasser 
is virtually independent of original steam pressure and operating 
pressure in the separator. Changes in rate of sample flow also 
have little effect. Fluctuations in temperature and pressure of 
the cooling water will affect the heat content of condensate leaving 
condenser C, but this variable is insignificant in comparison with 
the total heat value of steam, which governs the over-all heat 
balance. 

Sample calculations in the Appendix assume certain values 
which represent extreme irregularities in such operational varia- 
bles as original steam pressure, operating pressure in the de- 
gasser, sample flow rate and cooling-water temperature. It is to 
be taken for granted that these variables cannot always be held 
steady under practical plant operating conditions. Yet, in spite 
of the extreme conditions assumed, the ratio of solids fraction to 
total sample theoretically should not vary as much as 2 per cent. 

This prediction has been consistently verified by field tests 
under actual plant operating conditions. In a given installation, 
the ratio of solids fraction to total sample remains substantially 
constant, varying no more than 1 to 2 per cent over long periods 
of time. The constancy of this ratio is altered only by virtually 
complete blockage of the cooling-water supply. On the other 
hand, to the extent that liquid water is carried over with the 
steam entering the degasser, the solids fraction will be increased 
in amount, as well as in conductivity. If gross carry-over oc- 
curs, the normal split will be restored when the carry-over 
ceases, 

When the conductivity of a sample is to be measured con- 
tinuously, it is important that the cell temperature be main- 
tained at a nearly constant value so that the temperature com~ 
pensator on the conductivity recorder will not have to be reset. 
The cooling coils D and E are generously designed in regard to 
heat-exchange surface, and they receive a copious supply of 


cooling water. As a result, regardless of normal variations in the 
operation of the degasser, effluent temperatures of the two frac- 
tions remain practically constant. While it is desirable to inspect 
the apparatus daily, adjustments of any kind are seldom neces- 
sary. During operation, the degasser requires no more personal 
attention than any other instrument used continuously as a guide 
to boiler operation. 

To be of greatest value, steam-purity data must correspond, as 
nearly simultaneously as possible, with records of other conditions 
of boiler operation, i.e., steam pressure, load, water level, etc. 
livery effort has been made to keep the liquid retention at a 
minimum so as to reduce time lag in the degasser. At normal 
sampling rates of approximately 30 lb per hr, only about 1 min 
elapses between an incident of steam contamination and the 
corresponding effect on the conductivity of the solids fraction. 
With this negligible time lag in the apparatus, momentary changes 
in steam purity are not blunted or obscured by dilution and the 
recorded conductivity can be compared readily with other boiler 
operating data. 


FIELD EXPERIENCE WITH THE DEGASSER 


The degasser has been field-tested in more than 25 plants to 
date. In practically all cases the effect of gases in the steam has 
been eliminated altogether. No measurable amount of carbon 
dioxide has ever been found in the solids fraction, even when a 
large quantity of this gas was purposely introduced into the inlet 
steam. Ammonia concentrations in the range of 2 or 3 ppm 
have been removed to such an extent that the insignificant re- 
sidual amount could not be measured accurately by chemical 
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extreme ammonia contamination in the range of 10 to 25 ppm— 
the gas error was reduced to a very low and uniform value which 
permitted a simple correction to be made by conventional 
methods (3). Under all circumstances, at least 95 per cent of the 
ammonia entering has been removed. 

The conductivity record shown in Fig. 3 was obtained during 
steam-purity tests on a 40,000-lb per hr boiler at a chemical 
plant. Saturated steam at 400 psig was sampled by means of a 
collecting header between the steam purifiers and inlets to the 
superheater tubes. The conductivity of the gas fraction re- 
mained relatively constant, showing only minor variations which 
were associated with irregularities in rate of feedwater admission 
to the boiler. Through most of the time covered by this chart, 
conductivity of the solids fraction fluctuated widely, revealing a. 
severe carry-over condition. This particular case provided an 
unusually neat correlation between boiler load and conductivity 
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of the solids fraction, the respective values increasing and de- 
creasing simultaneously and proportionally. 

In contrast to Fig. 3, Fig. 4 presents the situation at a steel 
mill where gas content was extremely high and irregular while 
solid impurities remained very low and uniform. Conductivity 
due to solids represents only a small part of the total conductivity 
of solids and gases combined. Without the degasser, the dif- 
ficulty in determining whether variations in conductivity were 
due to gas, to solids, or to both had previously prevented any 
certain conclusion concerning the extent to which carry-over 
might be occurring. 

At the steel mill the solids fraction was practically constant at 
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about 53 per cent of the total sample flowing. This relationship 
was determined easily by measuring the volumes of solids-frac- 
tion and gas-fraction condensate collected simultaneously for a 
given interval of time. The ratio of solids fraction to total 
sample was used as a multiplying factor to convert conductivity 
to the basis of the original sample. Of course corresponding 
data for the gas fraction can be converted to an original-sample 
basis in a similar way. 

A single factor is used frequently to interpret the solids- 
fraction conductivity directly in terms of ppm total solids in the 
original steam. For example, at the chemical plant where Fig. 3 
was developed, the solids fraction represented 56 per cent of the 
total steam sample. Assuming that 1 micromho of conductivity 
is equivalent to 0.65 ppm of dissolved and ionized solids, concen- 
tration of solid impurities in the original steam was found by 
multiplying the indicated conductivity by 0.56 X 0.65, or 0.36. 

It will -be noted that a larger solids fraction flowed from the 
degasser at the chemical plant than at the steel mill. This came 
about because of a longer sampling line at the chemical plant. 
The greater the heat loss and attendant condensation in the 
sampling line, the larger will be the solids fraction, as shown 
mathematically in the Appendix. 

An incident occurred at one plant which indicates the need for 
fully automatic conductivity-measuring equipment. Three 
boilers were operating at maximum capacity. Without warning, 
the gears driving the induced-draft fan on the boiler next to that 
attached to the degasser stripped. Although the whole plant was 
on automatic control, furnace gases, dirt, and the escape of steam 
from safety valves forced the men observing the test to leave 
hurriedly. With one boiler off the line, the two remaining were 
subjected to chaotic operation involving dropping of pressure and 
of water level in the drum. About 20 min elapsed before condi- 
tions were stabilized. On the return of the observers, the degasser 
was found to be operating normally. Both before and after the 
disturbance, conductivity of the solids fraction was low, indi- 
cating excellent operating conditions. Unfortunately, in this 
particular instance, only manual conductivity-measuring equip- 
ment had been available so that a complete record was not made. 

At another plant, a coal fire in a bunker produced very erratic 
operation of a nearby 600-psig boiler. Personnel were required 
elsewhere and no attention could be given to the degasser, which, 
however, continued to function normally. Subsequent in- 
spection of the continuous record showed the boiler had de- 
livered quite pure steam through the whole period. 

The degasser has proved very easy to start up. For example, a 
unit was installed to test the purity of steam generated by a 125- 
psig evaporator. The evaporator was shut down and drained 
without touching the degasser. When steaming of the evaporator 
was resumed, the degasser started to operate automatically. 
In this case there was no shutting off or opening of valves nor 
any adjustments. 

Even relatively minor physical changes may be reflected in 
conductivity measurements made with the degasser. A small 
fire-tube boiler operating at 150 psig has been employed in testing 
degassers and for providing final design data for certain of the 
degasser components. The intermittent introduction of feed- 
water to this boiler showed up very clearly on the conductivity 
record of the gas fraction. Air introduced with the feedwater 
flowed through the gas-fraction conductivity cell and, by lessening 
electrode contact, produced a slight but quite noticeable drop in 
conductivity. 

At one central heating plant, the correlation between load and 
In the morning, with 
increasing demand, conductivities of both solids and gas fractions 
tended to rise. More carry-over was produced and more gases 
were introduced into the system per unit time. At the end of 
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the business day, with dropping load, conductivities of both 
fractions dropped. 

By using the degasser in acceptance tests on a new boiler, it 
was possible to prove rapidly as well as conclusively that negligible 
carry-over existed even at high loads, high water levels, and high 
boiler-water concentrations. 


SUMMARY 
A new degasser has been developed with the following features: 


1 Under normal operating conditions substantially all ioniza- 
ble gases are removed from the solids fraction. Even in extreme 
cases 95 per cent or more are removed. 

2 Because of the inherently stable thermodynamic cycle em- 
ployed, operation is automatic and cannot be affected materially 
by even abnormal changes in boiler operation. 

3 Since steam and condensate flowing to the cells contact 
only stainless steel, minimum pickup of contaminants is assured. 

4 The time interval from entrance of steam into the degasser 
to the passage of degassed condensate out of the conductivity flow 
cell for the solids fraction is of the order of 1 min. The averaging 
effect of holdup in blunting or spreading out over a period of time 
momentary conductivity changes is avoided. 

5 Since the lag is small, conductivity-recorder charts made in 
conjunction with the degasser can be compared readily with 
steam flow, superheat temperature, or other operating charts to 
obtain a coherent over-all picture of the data. 

6 The conductivity of the gas fraction is measured simultane- 
ously by a second cell. The gas fraction can also be easily di- 
verted for chemical] analysis. 
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Appendix 


Heat BALANCE FOR THE DEGASSER 


Heat balance is calculated for a system consisting of the steam- 
sampling line and of the separator shown in Fig. 1. 
The following nomenclature is used in the Appendix: 


A, enthalpy of steam sample at sampling point, Btu per lb 
H, = enthalpy of gas-fraction vapor leaving separator, Btu per 


h, = enthalpy of solids-fraction liquid leaving separator, Btu 
per lb 

hs = enthalpy of condensed gas-fraction liquid leaving con- 
denser C, Btu per Ib 

H, = enthalpy of revaporized gas fraction leaving revaporizing 
chamber B, Btu per lb 


L = total heat loss from separator and sampling-line surfaces, 
Btu per hr 
W = flow rate of total steam sample, lb per hr 
S = flow rate of solids fraction, lb per hr 
G = flow rate of gas fraction, lb per hr 
Development of Equations: 
Total heat entering system, Btu per hr = WH, + Ghs...... [1] 
Total heat leaving system, Btu per hr = Sh; + GH, 
tal GElige—\ yee [2] 
GSW Stee ce ee ee [3| 


Equating [1] and [2], and substituting [3] 
WH, + (W — S)h3 = Shp + (W — S)(H. + Hy) + L..... [4| 


S(H2 + H4— h2 — hs) = W(A2 + Hi — AH, — hs) + L...... [5] 
(S/W )(H2 + H,— hz — hs) = H, + H,— H, —h, 
Ea yd an ses [6] 
Therefore 
OS) Ha Hee Ae ae [7] 
e W H, =e Hip aft, Cea teat Oe ors 
GAW SA) SSW Mee bok ee ee [8] 


Ranges in Variables. The solids fraction (S/W) and gas frac- 
tion (G/W) remain substantially constant in spite of wide fluctua- 
tions in the following variables: (a) Pressure of original steam at 
the sampling point; (b) steam pressure in the separator; (c) 
cooling-water temperature and rate of flow; (d) pressure of steam 
exhausting from revaporizing chamber B; (e) total heat loss 
from separator and sampling line; and (f) sample flow rate. The 
variations assumed are considerably greater than any likely to be 
encountered under normal operating conditions. 

(a) In general, the pressure of saturated steam must vary from 
about 80 per cent to over 100 per cent to effect a change of 1 per 
cent in total heat content. Therefore most boilers deliver steam 
whose enthalpy is substantially constant despite normal fluctua- 
tions in pressure. Assume an extreme condition in which drum 
pressure fluctuates between 300 and 450 psig. 

(b) Although steam pressure in the separator normally does 
not vary more than 2 or 3 psi, assume that it may range from a 
minimum of 5 psig to a maximum of 15 psig. 

(c) Temperature and volume of cooling water generally can be 
controlled so as to hold the temperature of condensate leaving coil 
C within 5 deg F of any desired value. However, assume that 
this temperature varies from 60 to 80 F. 

(d) Pressure of exhaust from revaporizing chamber B is not 
likely to fluctuate as much as 10 psi; but, as an extreme case, as- 
sume that it may range from 0 to 10 psig. 

(e) Heat losses can be kept at a minimum through use of short 
well-insulated sampling lines and adequate insulation on the ap- 
paratus itself. Field tests indicate that the total heat loss can be 
reduced to about 1500 Btu per hr or less. It remains practically 
constant, for a given installation, being only feebly affected by 
reasonable changes in room temperature. Assume that this varia- 
ble may range from 1425 to 1575 Btu per hr. 
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(f) Although it is difficult to maintain a precisely constant 
sample flow rate, simple devices (needle valve, orifice, capillary 
tubing, pressure-regulating valve) may be used to hold this flow 
reasonably steady. Assume that the sample flow rate may be 
anything from 25 to 30 lb per hr. 

Constancy of Solids Fraction. The independent variables can 
be arranged according to their minimum and maximum values as 
in Table 1. The thermal values for steam and water were ob- 
tained from tables (4). 


TABLE 1 RANGE OF VARIABLES 

Variable Minimum value Maximum value 
A (300 psig) 1203.3 Btu per lb (450 psig) 1204.6.Btu per lb 
He ... ( S5psig) 1156.3 Btu per lb ( 15 psig) 1164.1 Btu per lb 
he ... ( Sdpsig) 196.2 Btu perlb ( 15 psig) 218.8 Btu per lb 
hs iets (60 F) 28.1 Btu per lb ( 80° F) 48.0 Btu perlb 
Hs ( O psig) 1150.4 Btu per lb ( 10 psig) 1160.6 Btu per lb 
L es 1425 Btu per hr 1575 Btu per hr 
Ww sow 25 lb per hr 30 lb per hr 


By suitable substitution of the values given in Table I in 
Equation [7] minimum and maximum values for the S/W ratio 
can be readily calculated. 


Minimum value for S/W ratio: 


1156.3 + 1150.4 — 1204.6 — 48 + (1425/30) _ 1101.6 
1156.3 + 1150.4 — 196.2 — 48 ~ 2062.5 


= 0.534 or 53.4 per cent 


with 
G/W = 0.466 or 46.6 per cent 
Maximum value for S/W ratio: 


1164.1 + 1160.6 — 1203.3 — 28.1 + (1575/25) Li 1156.3 
1164.1 + 1160.6 —218.8 — 28.1 = 20778 
= 0.557 or 55.7 per cent 
with 
G/W = 0.448 or 44.3 per cent 


Thus the solids fraction varies only from 0.534 to 0.557, and 
the gas fraction from 0.466 to 0.448, although the controlling 
variables go through their entire ranges. 


Discussion 


O. M. Exuiorr.* The authors are to be congratulated for the 
development of a practical and usable improvement for steam- 
sampling degasification. It appears that this improvement will 
make the steam-degasifying and testing technique simple enough 
for any plant man to obtain reliable steam-contamination data. 
It is interesting to see how the authors have added to the previous 
work of Rummel, Gurney, Schwartz, Crosson, Straub, Nelson, 
Powell, Joos, and many others who have developed practical 
degasifying equipment for steam-conductivity measurements. 
Freeing the plant operators from the necessity of frequent adiust- 
ment of the degasser is a step in the right direction. 

It is to be expected that degasification with this new equip- 
ment will be practically complete for most locations where the 
amount of ammonia in the steam is reasonably low. Where 
the amount of ammonia in the steam is high, difficulties can be ex- 
pected with any degasifying equipment. It would be a welcome 
addition to the paper if in the written closure the authors would 
present detailed chemical data to show the degasification effi- 
ciency of the Hagan equipment for those more difficult conditions 
where ammonia is a problem. In particular, it would be useful 


6 Water Conditioning Engineer, Sun Oil Company, Philadelphia, 
Pa. Mem. ASME. 
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and easy to compare the NH; removing efficiency of the degasser 
to the simple expedient of boiling the totally condensed steam 
sample to the !/: volume in an open flask to remove the gases. 
Many of us have used this simple !/.-volume boiling solution to 
the degasifying problem for quick spot tests for a number of 
years. The Hagan organization has undoubtedly made this 
comparison in cases of extreme ammonia contamination, and the 
observed results would be a most useful addition to this paper. 

Those who are less familiar with the Hecht and McKinney 
steam-conductivity method than the authors, should recall that 
this method only measures ionized contamination. Suspended 
solids in the condensate will not be ionized. Also, there are dis- 
solved solids such as silica and iron with such a low order of con- 
ductivity that they will not be represented properly by conduc- 
tivity tests, although they may be present in appreciable concen- 
trations. - 


P. B. Puacsn.? The development of an effective degasser, and 
particularly one having stable and automatic operational control, 
is a most welcome addition to the art of steam-sampling and test- 
ing. 

For many years, inconsistencies in steam-purity test results by 
conductivity have been evident in that the purity values have 
not reflected variations in steam output and/or boiler-water 
concentrations. In practically all cases, except where drum in- 
ternal leakage has been involved, the measured steam conduc- 
tivity has remained practically constant when steam flow and/or 
boiler-water concentration was increased or decreased several- 
fold. In some cases the conductivity values have been lower at 
the higher ratings and concentrations. 

A possible interpretation of this inconsistency is that the varia- 
tion in actual steam impurity is so small that it is completely sub- 
merged by sample-line contamination and residual gas effects on 
conductivity. It is gratifying to note that in the author’s Fig. 4 
the solids-fraction conductivity is in the order of !/; micromho, 
a value that is roughly 4 times the impurity content, in ppm. 
Such low values have been conspicuously rare in steam-purity 
tests to date, and it seems possible that a new conception of the 
purity of commercial steam may be in the making. 

It is hoped that further papers on this apparatus will be forth- 
coming in the near future, in which a comparison will be made 
with results obtained by some of the current methods such as 
evaporation and gravimetric determination of impurity, and cor- 
rection for gases by chemical titrations. It would also be of 
interest to run gravimetric determinations on a silica-free gas 
fraction to see whether a solids-free result can be obtained by this 
method. 

The steam-sampling rate of 30 lb per hr for this degasser seems 
rather low. Sampling rates should be sufficient to reduce any 
sampling contamination to a minor proportion of the measured 
conductivity. Low rates of flow are not generally adequate to 
insure good distribution of sampling with the usual perforated 
sampling nozzle. Very little reliable data are available along this 
line, however. 

The variations in conductivity of the solids fraction in the 
authors’ Fig. 3, which are assumed to be the result of changes in 
steam output, are typical of the characteristics of a small leakage 
carry-over rather than a normal variation due to rating alone. It: 
would be expected that the conductivity of the gas fraction would 
show some variation, in view of the fact that gas liberation is a 
function of feedwater flow rather than steam output, and feed 
flow would change with changes in rating. 

The significance and interpretation of steam-purity test re- 
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sults lie more in the manner in which conductivity values vary 
with changes in operating conditions than in their absolute 
value. It is therefore important that all such data be accom- 
panied and correlated with such operating conditions as changes 
in feedwater and steam flow, changes in water level, and 
changes in boiler-water concentration. 


S. T. Powru.’ The fundamental principle upon which the 
degasser operates is sound and the method described by the 
authors for sampling steam is a definite improvement over earlier 
practice. Previous sampling technique was inadequate when 
ammonia and carbon dioxide were present in the steam in large 
quantities. The apparatus and its operation are more complex 
than some other equipment for this purpose but, where critical 
conditions are expected, such refinements may be justified. 

The procedure of actually degassing samples thoroughly rather 
than trying to analyze chemically and then correct for 
ammonia and carbon dioxide is less time-consuming and 
has much merit, since it makes available a continuous record under 
all conditions and avoids subsequent recalculations to compen- 
sate for entrained gases. 

The equipment illustrated in Fig. 2 of the paper appears to be 
well arranged and can be co-ordinated with other control instru- 
ments without complicated adjustments. The present trends in 
power-station design, and especially the trends to higher boiler 
pressure and temperature make the need for such appliances of 
growing importance. 


W. L. Wess.’ Because of the problem of scale formation 
from the use of surface and well waters for cooling steam and 
water samples, some plants, including the major stations of the 
American Gas and Electric System, are employing condensate 
from the eycles for cooling purposes. This plan commonly re- 
sults in locating all of the sampling equipment for a unit at one 
common point both for the operators’ convenience and to re- 
duce the cost of cooling water and drain piping. This practice 
often results in sampling lines 100 ft or more in length. 

In employing the Hagan degasser on samples conveyed through 
long lines, an insulation problem will result if the total heat 
losses, including those of the sampling line and of the degasser, 
are to be limited to the order of 1500 Btu per hr. Prospective 
users of the degasser would be interested in knowing to what ex- 
tent heat losses in excess of this value affect performance. , 

In order to permit locating the degasser a considerable distance 
from the steam-sampling point, might it not be feasible to in- 
crease the sample flow rate and by-pass a portion of the sample to 
waste, provided there can be certainty that the portion entering 
the degasser is representative of the sample taken. An alternative 
plan might be to insert the sample tubing inside a line through 
which steam can be passed, in order to reduce loss of heat from 
the sample. The authors may wish to express their views on 
these proposals. ' 

It is understood that the degasser can be used on steam from 
any source, provided it enters the reboil coil A at 15 to 100 psig, 
and that its heat content is such as to give an acceptable propor- 
tion of solids fraction to gas fraction. Can the authors state the 
permissible limits of this ratio as influenced by the gas concen- 
trations in the sample? 


AutTuors’ CLOSURE 


The several discussers have made a valuable contribution to the 
paper as a whole, and their efforts are sincerely appreciated. 


8 Consulting Chemical Engineer, Baltimore, Md. Fellow ASME. 
9 Mechanical Engineering Division, American Gas & Electric Serv- 
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Subsequent discussion is confined only to the specific questions 
which have been raised. 

A tremendous amount of analytical data were collected in 
developing and proving the present degasser. In every instance 
where degassers of this type have been used in the field, the so- 
called ‘gas error’ has been eliminated so completely that it no 
longer affected the reliability of the test data. A tabulation-of 
gas residuals found in the solids fraction—mainly zero or bare- 
trace values for ammonia, and always zero for carbon dioxide— 
hardly seemed justified. However, in answer to Mr. Elliott’s 
question regarding efficiency of gas removal under difficult 
conditions, steam at a certain steel mill contained 26 ppm of 
ammonia (the highest concentration encountered to date); 
despite this unusually severe contamination, 98.5 per cent of the 
total ammonia was carried off in the gas fraction, leaving a con- 
centration of only 0.7 ppm in the concentrated solids fraction. 
As Mr. Elliott and Mr. Place suggest, many valuable studies can 
be made, not only to compare the present degasser with other 
methods of disposing of the gas error, but also to develop and 
expand our knowledge of steam contamination in general. It is 
hoped that the results of some of these studies can be presented 
in subsequent papers by engineers who have been using the de- 
gasser for some time in their own plants. 

Mr. Place suspects that a sampling rate of 30 lb per hr may be 
inadequate either to minimize the effects of contamination picked 
up from the sample line or to insure good sampling. Condensed- 
steam samples frequently contain appreciable amounts of iron, 
but it is not safe to assume that all of this iron comes from the 
sample line. A goodly portion of it may exist as a contaminant in 
the original steam sample. Of course, when the steam sample 
flows through a considerable length of bare or lightly insulated 
pipe, as it does in many cases, hot condensate formed in the line 
may tend to pick up some iron. The possibility of such con- 
tamination is minimized with the present degasser, which uses 
short, well-insulated sample lines of small diameter. Where 
warranted, stainless-steel piping could be used to obviate con- 
tamination. As Mr. Place states, few reliable data are available 
concerning optimum steam-sampling rates. The first require- 
ment of any steam sampling and testing procedure is that it 
provide purity data which can be accurately correlated with all 
conditions of boiler operation. This requirement has been well 
satisfied in tests with the degasser in many plants at sampling 
rates of about 30 lb per hr. While the present apparatus will 
accommodate flows higher than 30 lb per hr, little is gained by 
higher sampling rates, so far as actual interpretation of the purity 
data is concerned. A degasser could be built to any capacity 
whatever, but one important point should be remembered in this 
connection. Loss of heat in the steam sample, and the cost of 
water for cooling set a limit to the sampling rate which can be 
justified economically. This is especially true of permanent de- 
gasser installations. 

A moderate amount of scale in the heat exchangers will not 
disturb the degasser’s performance. Where scale-forming tend- 
encies are severe, deposition of scale in the cooling system can be 
effectively prevented by simple and inexpensive chemical treat- 
ment which requires only a few minutes of attention once a 
month. Nevertheless, condensate is the ideal cooling medium, 
not only for reasons given by Mr. Webb, but also because 
the condensate is usually available at fairly constant tem- 
perature. 

Mr. Webb raises an important question concerning the possible 
effects of condensation in long steam-sample lines. Condensate 
thus added to the solids fraction is not subject to automatic 
control since it does not enter into the basic heat-balance relation- 
ships. If the sample flow rate could be held steady, term L/W 
in Equation [7] of the Appendix would remain constant, and a 
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comparatively high heat loss could be tolerated. It is desirable 
to keep the heat losses as low as possible so that sample flow rates 
can vary over a wide range without affecting the solids-fraction 
percentage. Calculations in the Appendix assume a total heat 
loss of about 1500 Btu per hr; but that is a typical, not a limiting, 
figure. In the plants to which Mr. Webb specifically refers, a 
conventionally insulated sample line 250 ft long should lose heat 
at the rate of about 6100 Btu per hr. Even under these ad- 
mittedly extreme conditions, 10 per cent variations in either the 
total heat loss or the sample flow rate would have no significant 
effect on the accuracy of the test data. Where practicable, the 
expedients which Mr. Webb suggests would eliminate or greatly 
reduce the effects of condensation in long sample lines; obviously, 
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every precaution must be taken to insure that a truly representa- 
tive sample enters the degasser. 

Assuming that heat losses are kept at the usual minimum, the 
solids fraction will be approximately 50 per cent of the total 
sample. That is assured by the thermodynamic principle upon 
which the degasser is based. In a few cases, where it has been 
impossible to lag the sample lines properly, the solids fraction 
has run as high as 60 or 65 per cent without loss in efficiency of gas 
removal. No studies have been made to determine the limiting 
ratio of solids fraction to gas fraction, as this would entail 
deliberately throwing the degasser out of balance, resorting to 
manual instead of automatic operation, and setting up conditions 
not likely to be encountered in actual practice. 
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The Quality of Steam Condensate as Related 
to Sodium Sulphite in the Boiler Water 


By R. C. ALEXANDER! ann J. K. RUMMEL? 


Test data and conclusions are given in this paper which 
relate to the effect of various concentrations of sodium 
sulphite on the quality of condensed steam from high- 
pressure central-station boilers. Increase in sodium sul- 
phite beyond certain limits was found to lower appre- 
ciably the pH and to raise the conductivity of the con- 
densed steam. The acid material found in the steam re- 
sembles sulphurous acid. Test data, procedures, and 
equipment are described. 


its object the reduction of corrosion in the feedwater sys- 

tems and high-pressure boilers at the Harbor Steam 
Plant of the City of Los Angeles, Department of Water and 
Power, efforts were made to increase the pH value of the con- 
densed steam and feedwater, without addition of more than 
minimum amounts of alkaline materials. 

A systematic search for the sources of materials which would 
promote acid conditions revealed that an appreciable increase in 
the sodium-sulphite concentration of the boiler water caused a 
definite decrease in the pH value of the steam condensate and 
feedwater. Conversely, a decrease in sodium-sulphite concen- 
tration caused an increase in pH. It was observed that simul- 
taneously with the lowering of the pH value below 8, the con- 
ductivity of the steam condensate was increased. Likewise the 
amount of reducing material in the condensate increased with 
increase in sodium sulphite in the boiler water. These data made 
it evident that if the pH of the steam condensate and the feed- 
water were to be controlled in a satisfactory manner, it would be 
necessary first to control the concentrations of sodium sulphite in 
the boiler water. 

With this in mind the authors conducted a joint investigation 
regarding the desirable limitations of sodium-sulphite concentra- 
tion and the other effects which have been mentioned. Most of 
the work was carried out on the Harbor Steam Plant boilers* 
which operate at 1050 psi, but Rummel! has investigated sepa- 
rately the effects of sodium sulphite in boilers at other stations 
which operate at 950 psi and 375 psi, respectively. The operating 
conditions which relate to the data which are presented for the 
Harbor Steam Plant are shown in Table 1. Garman and Rowse’ 
have given a complete description of the plant. 

In many power stations it is customary to feed sodium sulphite 


D)ieo the course of a research program, which had for 
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Consulting Chemical 


TABLE 1 OPERATING CONDITIONS HARBOR STEAM PLANT 
1050 psi 
552 F 
915 F 


Feedwater treatment: 


_ Make-up water, Sodium-hydrogen zeolite softened followed by deaera- 
tion and evaporation. 


Feedwater—primary. Proportional feeding of sodium sulphite and pH 


control with caustic soda. Deaeration and venting of gases. 
Feedwater—secondary. Sodium phosphate direct to boiler plus caustic 

soda and sodium sulphite as required. Continuous blowdown to remove 

suspended matter and control the dissolved solids in boiler water. 


continuously to the feedwater and to maintain certain concen- 
trations of sodium sulphite in the boiler water, in order to remove 
any residual dissolved oxygen which may be present in the water. 
The sodium sulphite will react with dissolved oxygen to form 
sodium sulphate, and the use of sodium sulphite to reduce cor- 
rosion, due to dissolved oxygen, is an accepted procedure. 

The stability of sodium sulphite in water solution at various 
temperatures and pressures has been investigated by Taff, 
Johnstone, and Straub.® Their investigation of the decomposi- 
tion of sodium sulphite in steel bombs at temperatures above 
528 F showed that as the temperature was increased up to 600 
F, the rate of decomposition increased. At 530 F to 535 F the 
rate of decomposition, if any, appeared to be very slow. The 
data which are presented herein are confirming evidence that 
the sodium-sulphite solutions will decompose at measurable rates, 
but the principal decomposition product, which was found, dif- 
fers from that reported by Taff, Johnstone, and Straub.2 This 
may be explained by the fact that in the boiler tests, emphasis 
was placed upon the analysis of the steam condensate whereas in 
the bomb tests the composition of the liquid in the bomb only was 
observed. 

Hitchens and Purssell® have reported on observations dealing 
with the behavior of sodium sulphite in boilers operating at 625 
psi, 1400 psi, and 1775 psi. Tests were made for sulphite and 
sulphide as equivalent sulphur, in the saturated and superheated 
steam, and for sulphide in the boiler water. No mention was 
made of a change in pH or conductivity of the steam with a 
change in sodium-sulphite concentration of the boiler water, and 
it is assumed that such tests were not made or were not correlated 
with the other test data. The lead-acetate indicator-paper 
method used for the determination of total sulphite and sulphide 
consumed considerable time and required careful manipulation in 
order to obtain reproducible results. This procedure was not at- 
tempted in securing the data which are reported in this paper. 


ANALYTICAL PROCEDURES 


The analytical tests for the quality of the steam condensate 
included, pH, conductivity, reducing material as equivalent sul- 
phurous acid, and hydrogen sulphide. The last two tests were 
not made for all test runs. 

The pH value and conductivity were determined on flowing 
samples taken through stainless-steel sample lines and cooling 


5 “Decomposition of Sodium-Sulphite Solutions at Elevated Tem- 
peratures,” by W. O. Taff, H. F. Johnstone, and F. G. Straub, Trans. 
ASME, vol. 60, 1938, pp. 261-265. 

6“The Behavior of Sodium Sulphite in High-Pressure Steam 
Boilers,” by R. M. Hitchens and J. W. Purssell, Jr., Trans. ASME, 
vol. 60, 1938, pp. 469-473. 
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Fig. 1 Fitow CreLu AND INSTRUMENTS FOR PH AND CONDUCTIVITY DETERMINATIONS 


coils. A flow cavity, which was made by the authors, for holding 
the samples and the pH and conductivity cells, and the standard 
pH and conductivity meters, which were used for the measure- 
ments, are shown in Fig. 1. 

The reducing material in the steam condensate was determined 
by direct titration with 0.002 N potassium-iodate solution, after 
first adding 2 ml of concentrated hydrochloric acid and 1 ml of 
2.5 per cent potassium-iodide solution, to each 500 ml of sample. 
It was not practical to use starch as an indicator for this titration, 
and the end point was determined by use of an electronic indi- 
cator, which consisted of an electronic amplifier coupled to an 
indicator-ray tube (6E5 type) and a pair of plain platinum elec- 
trodes. The apparatus, together with the stirrer and micro- 
burette, is in all practical respects the same as that recommended 
by Ulmer, Reynar, and Decker’ for ‘‘dead stop” end point titra- 
tions, as for dissolved oxygen by the modified Winkler method. 
The indicator tube and platinum cell assembly is sensitive to not 
more than one drop or 0.05 ml of 0.002 N potassium-iodate solu- 
tion, which is equivalent to 0.0125 ppm of sodium sulphite, in a 
500-ml sample. The test assembly is shown in Fig. 2. 

Due to lack of a suitable method, no direct test for sulphurous 
acid could be made, and its positive identification remains to be 
completed. 

Tests for hydrogen sulphide were made by the sodium-plumb- 
ite method recommended by Hitchens and Purssell.® Briefly, the 
method consists of adding 2 ml of 20 per cent sodium hydroxide 
to each of two 50-ml samples and 1 ml of 1 per cent lead acetate 
to one of the samples. Comparison is made in matched tall-form 
Nessler tubes. If a darker color is found in the tube to which the 
lead acetate has been added, sulphides are present. The amount 
of sulphide is determined by making up standards from a 0.0005 


7 “Applicability of the Schwartz-Gurney Method for Determining 
Dissolved Oxygen in Boiler Feedwater,”’ by R. C. Ulmer, J. M. 
Reynar, and J. M. Decker, Proceedings of the ASTM, vol. 43, 1943, 
pp. 1258-1267. 


Fie.2  Tirratine Equipment ror, Mrasurine Repucine MATERIAL 


N sodium-sulphide solution and adding the reagents as already 
indicated. The method is said to be sensitive to 0.01 ppm of 
sulphide as equivalent sulphur. 
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EXPERIMENTAL PROCEDURE 


Aside from the data obtained during normal operation of the 
boilers, a number of tests were made during which the sodium- 
sulphite concentration was increased rapidly by direct additions 
to the boiler water, and the quality of the saturated and super- 
heated steam was measured, while gradually reducing the sodium 
sulphite concentration. The sodium sulphite concentration was 
raised to 60 ppm or over, in order to note the maximum effect on 
pH and conductivity of the steam condensate. Both commercial 
and pure sodium sulphites were used during the tests. 

During most of the tests the pH of the boiler water was main- 
tained near 11, and the total alkalinity at about 100 ppm. Sev- 
eral tests were made at a boiler-water pH of near 11.5 and a total 
alkalinity of 150 ppm or over, in order to determine the neu- 
tralizing effect of high boiler-water pH and alkalinity on the 
acid materials in the steam. One test was made ata boiler-water 
pH of 10.8 and a total alkalinity of about 60.ppm, in order to 
show the effect of low alkalinity. 

For a good part of each test the boiler load was held to nearly 
maximum but, due to variable demand for power on the unit, the 
load was decreased at times to one third normal output. At these 
times equilibrium conditions were disturbed and there was a tem- 
porary change in the relationship between sodium sulphite in the 
boiler water and the quality of the condensed steam. However, 
the lowering of boiler Joad did not have any marked effect on the 
results. 

Since one of the principal materials affecting the pH and con- 
ductivity of the steam condensate appeared to be sulphurous 
acid, several titrations were made in which known amounts of 
sulphurous acid were added to 2.5 liters of deaerated steam con- 
densate, and the changes in pH and conductivity were recorded. 
Due to the calomel used in one of the glass electrodes for pH 
measurements, it was necessary to make separate titrations for 
conductivity. The apparatus used is shown in Fig. 3. 

The sulphurous acid was made by adding strong sulphuric 
acid to sodium sulphite in a flask, and bubbling the sulphur 
dioxide gas, which was generated, into steam condensate in a gas- 
washing bottle. This solution was analyzed and diluted to the 


required strength for the titrations. In order to avoid errors 
resulting from oxidation of the sulphurous acid to sulphuric acid 
it was necessary to make the tests in the minimum time possible. 
An atmosphere of nitrogen gas was maintained over the water in 
order to inhibit oxidation of the acid due to contact with air. 
These data were compared with the results of tests made on the 
steam condensate which included, as part of the data, the meas- 
urement of reducing material, as equivalent sulphurous acid. _ 


Resuuts AND Discussion oF Borer Tests 


Before the sodium sulphite concentration in the boiler water 
had been reduced to less than the maximum range of 15 ppm to 
45 ppm, the daily routine tests made on samples of steam con- 
densate showed variations in pH of 6.2 to 7.2. The corresponding 
conductivity readings varied from 0.9 to 0.5 micromhos. 

The results of the special tests, during which the sodium 
sulphite concentrations were purposely raised and lowered, and 
the effects of boiler water pH, are shown in Figs. 4, 5, 6, and 7. 

Typical test results, with a boiler water pH of 11 and a total 
alkalinity of 100 ppm, are shown in Fig. 4. The sodium sulphite 
concentration was varied between 3 ppm and 57 ppm. At maxi- 
mum sodium sulphite concentration, the pH of steam condensate 
was 5.9, and at the minimum sodium sulphite concentration the 
pH was 8.3. At nearly the same time the conductivity of the 
steam condensate varied between 1.1 micromhos and 0.45 micro- 
mhos. However, after the conductivity had reached the lowest 
value, which corresponded to pH 7.8, it rose again to 0.7 micromho 
for a corresponding pH of 8.3. This is explained by the greater 
conductivity of the more alkaline materials which were present. 
These data show that if the boiler water has an alkalinity of 
about 100 ppm, a pH of 11, and a sulphite concentration of over 
7 ppm, the probabilities are that the pH of the steam condensate 
will be lower than if the sodium sulphite concentration is less than 
7 ppm. If the sodium sulphite concentration is as high as 20 
ppm, which is a normal value for many boiler waters, the pH of 
the steam condensate may be less than 7. At sodium-sulphite 
concentrations in excess of 20 ppm, the pH was definitely on the 
acid side of 7. 


Fic. 3. Equipment For Measurinc CHANGE In PH AND ConpuctTiviTy or STEAM CONDENSATE 
WitH AppDITION oF SuLpHUROUS ACID 
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It is to be noted that the conductivity data will not show ex- 
actly how the quality of the steam is being affected by sodium 
sulphite. The conductivity, together with the pH of the steam 
condensate, are required in order to observe the variations in 
steam quality. 

The foregoing pH and conductivity data, for various sodium 
sulphite concentrations, and a pH of 11*in the boiler water, were 
confirmed within close limits by the test data obtained for the 
boilers at the Redondo Steam Station, of the Southern California 
Edison Company. The data for one test, made during a period 
of full load, are shown in Fig. 5. At this time the boiler was 
operated at 950 psi, and the superheated-steam temperature was 
900 F. The total alkalinity of the boiler water was approximately 
100 ppm, and the pH was near 11. 

Of special interest are the data which show that a concentra- 
tion of sodium sulphite in excess of approximately 60 ppm ap- 
pears to have little further effect on lowering of the pH and 
raising the conductivity of the steam condensate. It seems that 
the pH and alkalinity of the boiler water may at this point re- 
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tard any further increase in the amount of acid ions which are 
present in the steam. 

As in the case of Fig. 4, the data in Fig. 5 show that if the pH 
of the steam is to be held at near maximum values, while carrying 
a boiler water pH of 11 and an alkalinity of 100 ppm, it will be 
necessary to limit the sodium sulphite in the boiler water to a 
maximum of 7 ppm. 

The test data for the steam condensate show that the pH 
varied between 6 and 8.1, and the conductivity between 1.0 
micromho and 0.3 micromho when the sodium sulphite in the 
boiler water was varied between 78 ppm and 5 ppm. The slightly 
lower pH and conductivity values obtained for the steam con- 
densate at Redondo Steam Station are believed to be due prin- 
cipally to the presence of less ammonia. A concentration of not 
over 0.01 ppm was indicated. At the Harbor Steam Plant the 
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ammonia in the steam condensate was found to vary between 
0.02 ppm and 0.03 ppm. 

In order to study the effect of boiler water pH and alkalinity on 
the action of sodium sulphite concentration, a number of test 
runs were made during which the boiler water pH was increased 
to 11.5 and 11.6 instead of the normal pH of 11 to 11.1. The re- 
sults of a typical test are shown in Fig. 6. The pH of the boiler 
water was held at 11.5, and the total alkalinity was 150 ppm. 
These data are similar to those obtained at a boiler-water pH of 
11.6 and 200 ppm of alkalinity. The boiler was operated at 17 
per cent of normal full load. 

The data show less change in pH and conductivity with high 
sodium sulphite concentrations than when the pH of the boiler 
water was lower, For example, the minimum pH of the con- 
densate was 6.5, instead of 6.0 for a lower boiler water pH. Also, 
a pH of 7.9 is reached at a sodium sulphite concentration of 24 
ppm. However, it will be seen that the pH of the steam con- 
densate continues to increase with decrease in sodium sulphite 
concentration until, at the maximum of pH 8.5 the sodium sul- 
phite is 8 ppm. Thus a pH of 11.5 in the boiler water was found 
to have a limited beneficial effect in attaining the maximum pH 
of the steam condensate. 

In order to show the effect of low pH and alkalinity in the 
boiler water on the action of sodium sulphite, a test was made 
during which the pH was held at 10.8, and the total alkalinity at 
about 60 ppm. The results, as given in Fig. 7, show that except 
for concentrations below about 10 ppm, the sodium sulphite had a 
definitely greater effect on the pH and conductivity of the steam 
condensate than when the pH of the boiler water was higher. 
The amount of reducing material found in the steam was also de- 
finitely greater than for higher boiler-water pH. 

Each of the foregoing test runs required from 3 to 5 days for 
completion, during which the condition of the boiler feedwater 
Was maintained as nearly constant as was possible. No large 
variations in the composition of the feedwater were observed. 

The test results for the saturated-steam condensate are not 
shown, but it is of interest that the saturated steam showed a 
slightly higher pH than has been reported for the superheated 
steam. Generally, the difference did not exceed about 0.2 pH. 

The tests made at the Seal Beach Steam Plant, on a boiler 
operating at 375 psi, failed to show any significant changes in pH 
or conductivity of the steam condensate which could be attribu- 
ted to the sodium sulphite concentration in the boiler water. 
Confirming tests should be made under more favorable feedwater 
conditions, as when a minimum of carbonate is present. 


Data RELATING TO REDUCING MATERIAL IN STEAM 


Identification of the reducing materials in the steam conden- 
sate, which were related to changes in sodium sulphite concen- 
tration in the boiler water, the amounts of reducing material in 
the steam, and the pH and conductivity of the steam condensate, 
was of interest. This information was not considered to be an 
essential part of the practical test results obtained, or the main 
conclusions which were reached in regard to control of the quality 
of the steam. However, as a matter of interest the data now 
available are presented. These data and observations may be of 
use in any further investigation of the decomposition of sodium 
sulphite in the boiler. 

The actual composition of the acid material and the reducing 
materials in the steam condensate were identified by process of 
elimination, and by correlation of the reducing material found in 
the steam condensate with pH and conductivity changes in steam 
condensate to which reducing material in the form of sulphurous 
acid was added. The conductivity readings were useful in show- 
ing that there were limited amounts of total solids and dissolved 
gases in the steam condensate. 


On numerous occasions, during normal operation, and during 
several of the experimental runs, tests were made from the pres- 
ence of sulphides in the steam condensate. In some instances it 
was believed that a trace of sulphide was present, especially when 
the condensate had a slight odor resembling sulphide. However, 
the amount was not sufficient to determine by quantitative an- 
alysis, and it was concluded that sulphides represented only 
minor amounts of the total reducing material found in the steam 
condensate. 

It was assumed that at least part of the reducing material 
found in the steam was sodium sulphite or other neutral reducing 
material. During most of the test runs, the increases in reduc- 
ing materials in the steam condensate corresponded with increases 
in acidity, decreases in pH, and increases in conductivity. These 
data have indicated that the amounts of neutral reducing material 
will vary with the pH of the boiler water and with the alkaline 
materials present in the steam condensate. 

During some of the tests, there was present considerable excess 
of reducing material over that which can be accounted for by 
changes in pH of the steam condensate. At high boiler-water pH, 
the conductivity change was relatively small. These variations 
have not been explained fully. 

The amounts of reducing material found during several of the 
boiler tests and the corresponding sodium sulphite in the boiler 
water are shown in Fig. 8. It was observed that within limits, the 


90 


80 


70 


60 


50 


40 


30 


20 


PPM SODIUM SULFITE IN BOILER WATER. 


° 0.1 02 0.3 0.4 05 06 


PPM REDUCING MATERIAL, AS HpS0, 


Fic. 8 VaRIATION IN RepucING MATERIAL IN STEAM CONDENSATE 
Wita CHANGE IN SopiuM SULPHITE CONCENTRATION AND PH oF 
Bo1rLer WATER 


amount of reducing material in the steam tends to increase with 
increase in the sodium sulphite in the boiler water, but since each 
change in boiler water pH, or other condition, gives a different 
ratio of reducing material to sodium sulphite, it is not possible to 
show one curve which will apply to all of the boiler tests. There- 
fore the data shown in Fig. 8 should be checked for each test run 
that is made. Asa matter of convenience, the reducing material 
is shown as equivalent sulphurous acid. 

The effect of measured additions of sulphurous acid on the pH 
and conductivity of steam condensate is shown in Figs. 9 and 10. 
Due to the presence of ammonia and other materials in the con- 
densate, these data are not assumed to be applicable to all boilers. 
The effect of the alkalinity of the condensate is seen at the start 
of the pH and conductivity curves. The relationship between pH 
and sulphurous acid was used in reaching the conclusion that a 
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considerable amount of the reducing material in the steam was 
sulphurous acid. 

In order to compare these data with the test results, it will be 
necessary to refer first to Fig. 8 which shows the equivalent sul- 
phurous acid found in the steam condensate for different concen- 
trations of sodium sulphite in the boiler water. The sulphurous 
acid and sodium sulphite values shown may then be used to note 
whether or not the pH and conductivity results actually obtained 
for a given sodium sulphite concentration and pH value in the 
boiler water will parallel the changes in the pH and conductivity 
values found by additions of sulphurous acid to steam conden- 
sate. 


PPM SULPHUROUS ACID, H,S0, 


CHANGE IN PH oF STEAM CONDENSATE WITH CHANGE IN 
SuLtPpHuROvus AcID CONCENTRATION 
(0 Equals pH equivalents for test run shown in Fig. 7.) 
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By way of illustration, identifying marks have been made in 
Fig. 9 to show how closely the boiler-test data shown in Fig. 7 
parallels the change in pH, when equivalent amounts of reducing 
material, in the form of sulphurous acid, are present. 

Attention is called to the fact that small increases in the 
amount of acid or alkaline material will cause a considerable 
change in the pH and conductivity of the steam condensate, and 
that care is required in obtaining the measurements. 


CONCLUSIONS 


Based on the data obtained from boilers operating at 900 psi 
and over, the following conclusions have been reached: 


It is probable that when more than 5 ppm to 8 ppm of sodium 
sulphite is present in the boiler water, the quality of the steam 
will be affected. 

The extent to which the composition of the steam is changed 
will depend largely on the concentration of sodium sulphite, and 
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to some degree on the alkalinity and pH of the boiler water. 
The change in steam quality is seen in the lowering of pH, in- 
crease in the conductivity and increase in the reducing material 
of the steam condensate. 
A large part of the reducing material found in the steam con- 
densate resembles sulphurous acid. 


When the steam contains sufficient ammonia or other alkaline 
material to overbalance the acid effects of carbon dioxide, it is 
probable that with small amounts of sodium sulphite in the 
boiler water, the point of lowest conductivity of the steam con- 
densate will be near a pH of 8. Near this point, increasing the 
sodium sulphite concentration will lower the pH and raise the 
conductivity of the condensate, but lowering of the sodium sul- 
phite will increase both the pH and conductivity. 

The test data which are presented are of special interest when 
using conductivity readings to estimate the solid-matter content 
of the steam condensate and in regulating the amount of solid 
matter in the form of acid-reducing material. 

The quality of the steam from boilers operating at pressures 
below 900 psi, should be studied further, in order to show the 
effects of sodium sulphite in the boiler water. 
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Appendix 


After the completion of the foregoing tests, which show the 
effect of sodium sulphite in the boiler water on the quality of the 
steam condensate, it was decided to investigate the extent to 
which the reducing material, expressed as equivalent sulphurous 
acid, in the steam would carry on through the feedwater system. 
Accordingly, a test run was made during which the sodium sul- 
phite in the boiler water was raised to 65 ppm by direct injection 
into the boiler drum, no sodium sulphite was added to the feed- 
water, and the sodium sulphite in the boiler water was allowed to 
diminish while testing the steam condensate for pH-value conduc- 
tivity and reducing material in the condenser hot-well conden- 
sate and the feedwater leaving the deaerator for reducing ma- 
terial. The data are shown in Fig. 11. The results of this test 
confirm some of the previous data and, at the same time, show 
the rate at which the acid sulphite in the water is oxidized as it 
passes through the condenser and the various heaters and the 
deaerator. Furthermore, the test data show the possibility of 
maintaining a sufficient concentration of sodium sulphite in the 
boiler water, in order to maintain some reducing material in the 
feedwater and thus remove dissolved oxygen. 

It appears that if the sodium sulphite in the boiler is as great 
as 10 ppm to 15 ppm, the feedwater before the deaerator will con- 
tain a significant amount of reducing material. However, the 
results found at Harbor Steam Plant are not likely to be du- 
plicated at other plants, and similar testswouldneed to be made in 
order to determine the actual condition. It should be noted 
especially that the rate of reaction of sulphite with oxygen will in- 
crease with increase in temperature and, no doubt, to some ex- 
tent on the concentrations of dissolved oxygen and reducing ma- 
terial. The presence of catalysts also will have a decided effect 
on reaction rates. 

The actual pH value of the steam condensate and feedwater 
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at Harbor Steam Plant was influenced to some extent by the am- 
monia naturally present in the water. The ammonia had the 
effect of neutralizing the acid sulphite and other acid materials in 
the steam. 

These data suggest certain possible advantages in selection of 
the concentration of sodium sulphite in the boiler water, pro- 
vided this concentration does not depress unduly the pH value of 
the steam condensate and the feedwater. 


Discussion 


M. D. Baxer.? Mr. Alexander and Mr. Rummel have pre- 
sented an interesting paper and the data given is a worth-while 
contribution to the study regarding the behavior of sodium sul- 
phite when used as an oxygen scavenger in boiler water. 

The fact that all conclusions are based on superheated-steam 
condensate and not. sufficient data were presented on saturated- 
steam condensate to make a comparison between saturated and 
superheated-steam condensate eliminates any conclusions re- 
garding mechanical carry-over with subsequent decomposition of 
sodium sulphite in the superheater. Some of the results obtained 
indicate that mechanical carry-over occurred and it would be 
valuable information if the authors could make any definite com- 
parisons. 

The conclusion that sodium sulphite concentrations of 7 ppm 
or less will not affect the pH of the steam condensate and the data 
used to obtain the curves in Fig. 5 indicate that the authors have 
information that should be a worthy contribution in the study of 
sulphite behavior in boiler water. This leads to several questions. 
First, do the authors feel that they have sufficient data to make a 
statement regarding the point of stability of sodium sulphite in 
boiler water? What is meant; can they state from numerous 
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test data that 7 ppm of sodium sulphite is the minimum concen- 
tration at which decomposition due to excess sulphite will occur? 
When above 7 ppm of sodium sulphite what causes it to decom- 
pose and what are the mechanics of the decomposition? 

In Fig. 5 does their interpretation of the curves mean that 
above 50-60 ppm of sodium sulphite the rate of automatic de- 
composition is constant and continues so until the concentration 
is lowered to 10-20 ppm of sodium sulphite? 


C. E. Kaurman.® In the authors’ careful investigation of the 
decomposition of sodium sulphite in boiler water, the emphasis 
has been on the production of small amounts of sulphurous acid 
through hydrolysis. Quantitatively, there may easily be some 
question as to the exact amount of material produced in the 
steam since the over-all effect is so small. However, the actual 
fact of SO2 or H.SO; production would not be unexpected from a 
physical-chemical standpoint. In fact, substances subject to 
this sort of behavior might well be listed in a series. For example, 
in decreasing order of tendency to contribute material to the 
steam, we might list sodium carbonate, sodium sulphite, and 
sodium silicate. 

In general, with all of these materials, greater amounts of the 
corresponding acid would be expected to be released as pH of 
the boiler water is dropped. 

In the case of sodium sulphite, the fact of hydrogen sulphide 
development should not be neglected. The authors found rather 
negative evidence in this regard but there have been a number 
of occasions in the experience of the discusser’s organization 
where hydrogen sulphide was a major product. 

The difficulty of analyzing for small quantities of sulphur com- 
pounds brings up a question. Was it not possible to secure a 
sampling point where concentration of gases could occur? The 
aftercondenser on a steam-jet ejector for a turbine condenser will 
frequently provide rather remarkable and convincing samples. 
For example, in a number of cases at such a location, “odorific”’ 
analysis (rotten-egg smell) alone proved that hydrogen sulphide 
was an important breakdown product. In like manner, ap- 
preciable concentrations of ammonia, far higher than in the over- 
all steam, have been found. 

Ten years ago we investigated the behavior of a 1400-psig 
boiler which produced steam of increasing conductivity after 
feed of sodium sulphite. Fig. 12 shows the similarity of this ac- 
tion to that reported by the authors. Only traces of sulphur com- 
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pounds were found by field tests in the steam from regular sam- 
pling connections. Slower feed of chemical reduced the effect. 

What is the significance of sulphur compounds in the steam? 
The presence of hydrogen sulphide may indicate that het spots 
exist in the boiler with attendant auto-oxidation of sodium sul- 
phite to produce sulphate and sulphide. In other words, sul- 
phide production may be a symptom of somewhat critical condi- 
tions. Sulphur dioxide or sulphurous acid in the steam may 
contribute to somewhat lower pH in the condensate but its 
total effect will be little more conducive to acid corrosion than a 
small amount of carbon dioxide. In fact, the use of alkaline 
materials such as ammonia and amines in the steam should un- 
doubtedly be as effective for SO. as for CO». 

The presence of SO. (or CO) in the steam going to a turbine 
will be of no concern. Before condensation it is obvious that the 
dry steam containing gases can have no effect on the metal. 
Even at a condensing end, solubility relationships dependent on 
temperature and partial pressures can permit only a trace of gas 
in solution. In other words, internal corrosion of turbines during 
operation due to dissolved gases is most improbable. 

Thus, although the breakdown of sulphite is of considerable 
theoretical interest, the small effect which may occur lacks much 
practical significance. Years of trouble-free experience with 
boilers at many pressures provide assurance that there is no 
cause for alarm. 


F. G. Srraus! anp H. D. Oreman.!! Sodium sulphite has 
been used as an oxygen scavenger in steam boilers for almost 
twenty years. Taff, Johnstone, and Straub called attention’ to 
the possibility of the decomposition of this material in concen- 
trated solutions (4000 ppm) at temperatures above 540 F to 
form sodium sulphide and sodium sulphate. Hitchens and 
Purssell13 reported the results of their study of steam from boilers 
operating at pressures up to 1400 psi. Their conclusions were that 
the decomposition to sodium sulphide and sulphate did not take 
place at concentrations normally carried in the boiler water. 

In the intervening years the prevailing opinion appears to 
have been that in concentrations below 20-30 ppm of sodium 
sulphite very little, if any, sulphide appears to form. However, 
if areas in the boiler exist where the sulphite can concentrate, 
sodium sulphide forms and hydrogen sulphide is found in the 
steam at steam pressures around 1200 psi. 

Some plants have used an excessive amount of sulphite when 
feeding it intermittently to boilers. This was reduced to a much 
smaller amount when fed continuously even in cases of practi- 
cally no blowdown from the boiler. This indicated the possibil- 
ity of some loss of sulphite at the higher concentrations occurring 
during intermittent feeding of the chemical. 

In order to explain some of the peculiar behavior of the sulphite 
and to study the limitations of its use, the authors started a study 
in which a small laboratory steaming test boiler was used. This 
work is not completed. However, since they have observed the 
same action that the authors of this paper have, it was deemed 
advisable to discuss this paper at this time. 

The laboratory tests have covered the behavior of sodium sul- 
phite at various concentrations in the boiler water from 250 to 
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1550 psi. The steam in all cases shows a reduction in pH and an 
increase in conductance which is almost proportional to the sul- 
phite concentration in the boiler water. The effect is almost 
proportional to’the steam pressure. 

The authors’ conclusion that sulphurous acid is being distilled 
from the boiler water appears to be a logical one. In many power 
plants there has been sufficient ammonia or caustic carry-over 
from the boiler to mask the pH reducing effect of the small 
amount of sulphurous acid in the steam. The authors of this 
paper have been fortunate in having steams with low ammonia 
content with which they could run their determinations. 

The results of these tests should be correlated with the ex- 
perience in other plants before the power-plant operators become 
panicky about the effect of sulphite treatment on their preboiler 
equipment. In many plants sufficient ammonia is present to 
neutralize the small amount of sulphurous acid in the steam. It: 
indicates the need of control of sodium sulphite in the boiler water 
to within reasonable limits and at the same time an adequate 
means of continuously adding the sodium sulphite to the system. 
as to reduce the high peaks of concentrations to a minimum. 


W. D. Bisseut,!* W. W. Crerna,!® IE. L. KNonpipr,® L. G. 
von LossperG,’” anp E. B. Powsuu.'8 The authors have 
made a very important contribution to boiler-water chemistry, 
adding valuable, information on the reaction products from 
sodium sulphite and also contributing constructively to water 
chemistry, in general, by bringing to attention clearly how sparse 
and sketchy is the actual knowledge of reactions at moderately 
high temperatures in this field. 

Taff, Johnstone, and Straub in their 1937 paper,!? as the pre- 
sent authors comment, make no mention of analyses of steam 
sampled from their bombs but find from analyses of the react- 
ing solutions increasing rates in conversion of sodium sulphite 
to sodium sulphide and sodium sulphate with temperature in- 
crease in the range of about 530 F to 600 F. As reported by 
Parks" it was found in operation of the 2000-psi boiler at Somer- 
set Station that sodium sulphite, when maintained at more than a 
few parts per million in the boiler water, resulted in considerable 
contamination of the steam with hydrogen sulphide. As re- 
ported by Parks in the paper just mentioned, and by Cerna and 
Scott,” use of potassium-base chemicals in place of sodium-base 
chemicals was begun at Somerset Station in 1943. As affecting 
the sulphite radical the change in nature of chemical base ap- 
parently brought no very significant change in reactive tendency 
or essential nature of reaction products. Observations on the 
2000-psi boiler at Somerset Station with water temperatures 
in the range of about 600 F to 625 F have indicated that, for the 
associated operating conditions, concentrations of sulphite 
chemical in excess of 4 or 5 ppm SO; are accompanied by evolu- 
tion of hydrogen sulphide and formation of sodium sulphate and 
some alkali, as evidenced by methyl orange, but scarcely more 
than a trace of sodium sulphide. Considered together, the ob- 
servations of the three independent investigating groups suggest 
that at temperatures of about 530 F and above, sulphites when 
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present in boiler water in excess of some rather small concentra- 
tions may be expected to decompose or react with constituents 
other than dissolved oxygen, and that there exists critical tem- 
perature or critical temperatures within the range of 530 F and 
625 F above and below which such sulphite reactions are of dis- 
tinctly different nature, and doubtless other factors are of impor- 
tance which may even shift the critical reaction temperatures. 


Suepparp T. Powe .2! In spite of the extensive use of 
sodium sulphite as a deoxygenating chemical, there is a dearth of 
quantitative information on the mechanism of the reaction which 
occurs and the rate and extent of dissociation of sulphites under 
high-temperature conditions. These phenomena are not par- 
ticularly significant for low-pressure boiler operation, but the 
need for such data for high pressure and temperature conditions 
is urgent. Many operators have concluded that the sulphite 
salts break down, and have noted the presence of hydrogen sul- 
phite qualitatively in condensate. The authors of these papers 
haye contributed much reliable information, and the data as- 
sembled and their extensive investigation have established a 
sound basis for control of this essential treatment. Other in- 
vestigators have approached the problem from a somewhat dif- 
ferent angle, but their findings generally confirm the authors’ 
conclusions. This paper is a major contribution to the subject 
and presents definite and reliable data for control of sulphite 
treatment which, up to the present time, have not been definitely 
established. 

Hydrogen sulphide in steam and condensate has come from 
sources other than sulphites. The writer has encountered two 
cases where extensive breakdown of sulphides occurred, which 
produced heavy concentrations of hydrogen sulphide in the con- 
densate. At both the stations where the difficulty occurred, the 
feedwater was treated by hot-process softening systems, and 
the filter material in pressure filters used to filter the effluent was 
crushed magnetite. The pH value of the water was between 
9.0 and 10.5. The sulphides were dissolved from the iron sul- 
phide present in the magnetite ore. An attempt was made to 
secure magnetite free from sulphide, but no material completely 
free of iron sulphide could be obtained. It was found necessary to 
replace the filter material with anthracite coal, after which the 


presence of sulphide in the condensate was completely elimi- . 


nated. 
AuTHORS’ CLOSURE 


The authors wish to thank the various commentators for their 
discussion dealing with the usefulness of the data which have 
been presented. In answer to Mr. Baker’s question on the dif- 
ference between the quality of the saturated and superheated 
steam condensates and the effect of carry-over of sodium sulphite 
into the superheater, it has been stated that we found only a 
little difference in the quality of the two steam samples. For 
example, during most of the tests the pH value of the saturated 
steam was about 0.2 higher than for the superheated steam. 
Since this difference can be observed with only a trace of sodium 
sulphite in the boiler water, we have not been able to attribute 
the changes in pH value of the superheated steam to carry-over of 
sodium sulphite, followed by decomposition in the superheater. 
With regard to Mr. Baker’s questions on the stability or decom- 
position levels of various sodium-sulphite concentrations in the 
boiler water, the conditions of testing were such that the data do 
not show exact equilibrium conditions. It was indicated that for 
the boilers under test and the analyses of the boiler water, the 
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pH value and conductivity of the steam condensate would not be 
changed appreciably when the concentration of sodium sulphite 
was held at not over 5 ppm to 8 ppm. 

In answer to Mr. Kaufman, the authors have on various occa- 
sions tested the gas and water leaving the after condenser of 
the steam jet ejector for the main condenser and have used this 
data for the control of ammonia in the system. At times we 
found traces of hydrogen sulphide. However, there are obvious 
difficulties to be overcome in making quantitative tests of steam 
quality at this point, and direct tests on the steam samples are 
recommended. : 

It was observed that very small amounts of hydrogen sulphide 
could be detected by smell, but that on a quantitative basis the 
hydrogen sulphide was of very minor significance during any of 
the tests which have been described. With regard to the signifi- 
cance of corrosive sulphur compounds in the steam, the authors 
have been concerned with the amounts of iron oxide and copper 
found in the water at the condenser hot well and the iron oxide 
produced in the feedwater systems and the boilers. Concerning 
the suggested use of amines; an amine which has been used in 
power plants to raise the pH value of steam condensates decom- 
posed and disappeared rapidly in one of the boiler systems under 
study and in the absence of a stable material, it is not recom- 
mended that amines be used in high-pressure boilers. 

In order not to increase the solubility of copper alloys it was 
not desired to increase the ammonia content of the feedwater 
and the steam. However, when the acid gases in the system 
were reduced to a minimum, ammonia in concentrations of as low 
as 0.02 ppm was found to be effective in maintaining a pH value 
of 8 or better in the steam condensate. 

The authors are very appreciative of information submitted by 
Drs. Straub and Orgman. Their conclusions, in regard to recent 
laboratory boiler tests made at various pressures and concen- 
trations of sodium sulphite and pH value, are in confirmation 
of the conclusions reached by the authors. Due to the broader 
scope of their studies the completed data and conclusions will be 
of considerable interest. As has been indicated, the authors are 
in full agreement with the recommendation that tests be made at 
individual power plants in order to note the effect of sodium sul- 
phite in the boiler water on the quality of the steam condensate. 

The information submitted by Messrs. Bissell, Cerna, Knoed- 
ler, von Lossberg, and EK. B. Powell have been of interest and we 
are especially appreciative of the favorable comment which has 
been offered. Due to limitations in operating pressure for the 
tests made by the authors, we are unable to verify the indica- 
tion that hydrogen sulphide is an important product of sodium 
sulphite decomposition in boilers operated at 2000 psig, but it is 
suggested that the test methods mentioned in this paper be con- 
sidered. 

In answer to Mr. S. T. Powell’s favorable comment, the authors 
have not been able to confirm the work of others on the production 
of appreciable amounts of hydrogen sulphide. On the contrary, 
hydrogen sulphide appeared only as traces and during periods of 
highest sodium sulphite concentrations in the boiler water. Mr. 
Powell has mentioned the very interesting possibility that sul- 
phides may be introduced from sources other than sodium sul- 
phite and in this connection the composition of the cooling water 
to the main condensers should be taken into account. 

In closing it is again suggested that the analytical methods 
which have been presented be considered and that similar quan- 
titative tests on operating boilers be carried out. At this time 
the decomposition products of sodium sulphite may be measured 
quantitatively and it should be possible to distinguish between 
smell and amount of any sulphides which are present. 
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Feedwater Treatment During Early 
Operation of Steam-Electric Stations 


By R. C. ALEXANDER! ann J. K. RUMMEL? 


Based upon the experience with five high-pressure steam- 
generating units installed at the Harbor Steam Plant of 
the City of Los Angeles during the last six years, the au- 
thors devise some basic practices to follow during early 
operation of such installations. Their study includes 
such items as cleaning the feed system, corrosion preven- 
tion, chemical control of corrosion, sampling and control 
tests of the feedwater system, and inspection of equipment. 


steam-generating units have been installed at the Harbor 

Steam Plant. The boilers of the first two units operate 
at 1050 psig drum pressure. The boiler-drum pressure for the 
last three units varies with load demand. Normally, it varies 
between 900 psig and 1000 psig. The superheated-steam tem- 
perature is 915 F for all units. The first unit was started in 1948, 
and the last unit began operating on load in July, 1949. 

During this time it was found that the items to be considered 
in preparing the units for service and early operation were not 
only numerous, but deserved considerable detailed attention. 

In general, it has been necessary to study the design, the ar- 
rangement of equipment, and the particular local conditions 
which affected the satisfactory control of the make-up water and 
the feedwater. Usually the most important single consideration 
has been the maintenance of minimum corrosion of the feed- 
water-system equipment, and the disposal of corrosion by- 
products which lodge in the heaters and the boilers. 

These by-products are for the most part iron oxide and copper, 
which are likely to encourage further corrosion, reduce heat- 
transfer rates, and cause overheating of boiler tubes. 

Due to the highly corrosive harbor water used for cooling in 
the main condensers, there have been a large number of condenser- 
tube failures, and contamination of the feedwater with sea water 
has been a frequent occurrence. This has added considerably to 
the suspended matter and insoluble solids found in the boilers of 
units Nos. 1 and 2. At the same time, it has been necessary to 
maintain a close watch on the condition of the feedwater in order 
to avoid serious consequences from sea-water leakage. It is for- 
tunate that there have been available the facilities for testing and 
treatment control, which were installed with each unit, and that 
satisfactory methods of procedure have been provided or devel- 
oped as they were required. 


|B eee the last six years a total of five high-pressure 


CLEANING THE FEED SysTEM 


As shown by past experience, it is highly important that the 
feedwater system and interconnected equipment be cleaned 


1 Mechanical Engineer, City of Los Angeles, Department of Water 
and Power, Los Angeles, Calif. 

2 Chemical Engineer, Sheppard T. Powell. 
Engineer, Baltimore, Md. Mem. ASME. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and Power Division and presented at the Semi-Annual 
Meeting, San Francisco, Calif., June 27-30, 1949, of Tae Amprican 
Socimry or MrecHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
January 6,1950. Paper No. 49—SA-48. 
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thoroughly of dirt, grease, rust, and other foreign material which 
would cause difficulties in operation of the pumps, heat exchangers, 
and the like, or be carried on to the boilers. When this important 
step is neglected, the resulting maintenance costs are found to be 
disproportionate to the probable cost of the preliminary clean- 
ing. 

Present practice at Harbor Steam Plant is first to clean by hand 
all surfaces which can be reached, such as the condenser shell 
and hot well, the heat exchangers, and the deaerator with its 
storage tank. Heat-exchanger tubes are cleaned with air and 
water, and any grease on the tube ends is removed with brushes 
and a detergent solution. Preliminary cleaning of the unit was 
followed: by circulation of a hot detergent solution through the 
feed system. This operation simulated the ‘‘boiling out” of the 
boiler. It was effective in removing soluble oil coatings on parts 
of the equipment and in loosening the dirt for removal by the 
water flushing which followed. Finally, all traps where dirt 
collected, such as the bottoms of tanks and the condenser hot 
wells, were cleaned by hand. 

The results of the foregoing cleaning operations have been 
highly satisfactory, as was reflected in a minimum amount of ma- 
terial carried into the boilers from the feed system, general free- 
dom from clogging of screens used in preliminary operations, and 
no known damage to pumps or other equipment. After pre- 
liminary operation, an examination of one of the boiler units 
showed that only 2 to 4 grams of deposit could be removed from 
the tubes, and very little dirt was seen in the feedwater-system 
equipment. The amount of deposit in the boiler tubes was de- 
termined by placing a cloth filter bag over the end of the tube, 
followed by cleaning with an air-driven rotary wire brush. The 
bag was then shaken out over a clean paper and the material 
weighed. 

The boiler tubes and drums were washed with water from a 
hose in order to remove the loose materials, and recently a high- 
pressure water-washing nozzle has been made for lowering down 
the tubes in order to clean them more thoroughly. 

All of the superheater tubes are washed individually with con- 
densate, flowing at high velocity, in order to remove both in- 
soluble and soluble deposits such as would cause overheating or 
be carried through the steam turbine and into the feedwater sys- 
tem. A specially designed washing connection is used, which is 
held in the tube ends with air pressure while the water is flowing 
through. The washing time is regulated by use of an electronic- 
eye conductivity indicator and a dip cell. This shows the com- 
pletion of removal of the soluble material. Visual examination of 
the wash water shows the removal] of insoluble material. 


CoRROSION PREVENTION 


Returning to the main problem of corrosion prevention, it has 
been found that both iron and copper are present in the feed- 
water, and that the deposits found in the feedwater-system 
equipment and the boilers are composed mostly of iron oxides and 
copper. 

During early operation a large part of the iron oxide comes 
from the mill scale on the surfaces of the equipment, but after the 
loose scale has been removed the corrosion process continues to 
add iron to the feedwater. In the older units the iron in the feed- 
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water was about 0.1 ppm and the copper about 0.03 ppm. These 
data show that appreciable corrosion of the copper alloys in the 
feedwater system is to be expected, and in this connection it has 
been realized that there is present a considerably larger area of 
copper alloy than iron. 

Visual inspections of the equipment have shown that corrosive 
attack has been most rapid where the pH of the water has been 
lowered by acids and where dissolved oxygen is present. In the 
deaerator vent condensers, ammonia no doubt has played a part 
in hastening the failure of brass condenser tubes, but in zones of 
lower ammonia, acid, and dissolved-oxygen concentrations, no 
appreciable attack has been seen, and no failures due to corrosion 
have been experienced. 

In some instances erosion has hastened the tendency for cor- 
rosion to take place. This was especially noticeable on the 
turbine-casing surfaces which are in the path of the steam entering 
the main condenser. However, the attack on the main condenser 
shell has taken place more rapidly in the air off-take section where 
the steam condensate contained relatively large amounts of dis- 
solved oxygen and acids. 

Another point of local corrosive attack, due to adverse water 
conditions, has been in the condensate drip-system equipment, 
which carries the condensate from the evaporator condenser and 
the stage heaters. This has been noticed in the first unit in- 
stalled which, during its early operation, carried the vented vapor 
from the evaporator condenser. This vapor is now vented to 
atmosphere, and the pH of the water is more favorable. Pre- 
viously the pH of the water was as low as 5.5 and is now seldom 
less than pH 7. 

Considering the action of carbonic acid alone, it is of interest to 
note that for an equivalent reduction in pH, much more of this 
acid is required than if a mineral acid is present. Also, when the 
acidity of the water has been increased to give a pH of a little less 
than 5, the carbonic-acid solution is found to be more corrosive 
than a solution of the same pH to which only hydrochloric acid is 
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added. Whitman, Russell, and Altieri? have examined this ac- 
tion experimentally and their results are shown graphically in 
Fig. 1. It is explained that since at pH 5.4 the carbonic acid is 
only 6 per cent dissociated and hydrochloric acid is nearly 100 per 
cent dissociated, the carbonic acid would be about 16 times more 
concentrated than the hydrochloric acid. It is seen from these 
data that the corrosion rates may at times depend more largely 


3 “Bffect of Hydrogen Ion Concentration of the Submerged Cor- 
rosion of Steel,’’ by W. G. Whitman, R. P. Russell, and V. J. Altieri, 
Industrial and Engineering Chemistry, vol. 16, 1924, pp. 665-670. 

“The Acid Corrosion of Metals,’”’ by W. G. Whitman and R. P. 
Russell, Industrial and Engineering Chemistry, vol. 17, 1925, pp. 348- 
354. 
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upon the acid concentration than the pH value, and a low pH due 
to carbonic acid may cause a serious amount of corrosion. 


CHEMICAL CoNTROL OF CORROSION 


For purposes of discussion, the principal items which have en- 
tered into chemical control of corrosion in the feedwater systems 
are shown in Fig. 2. It is indicated here that the principal con- 
trols are conductivity, pH, and oxidizing or reducing conditions. 
Under these are subheadings showing the materials which are 
present or are added to the feedwater, to counteract any adverse 
conditions. Other subheadings show sources of feedwater im- 
purities. This type of chart is useful in visualizing the chemical 
conditions which may exist and the corrective measures which 
should be taken. 

As is indicated, emphasis has been placed upon avoiding high 
conductivity due to condenser leakage, adjustment of the pH to 
the highest practical value, and the maintenance of reducing 
conditions in all parts of the system where such control is feasible. 

Dealing with the details of chemical control, it has been real- 
ized that all of the factors listed in Fig. 2 are somewhat interre- 
lated and that the corrosion rates may be dependent upon a 
combination of conditions. This interrelationship is not always 
clear, but it has required consideration when making adjustinents 
to the treatment control or in evaluating the corrosion found. 

The effect of conductivity on corrosion rate has not been shown 
definitely but it is obvious that the higher the conductivity of the 
water the better the opportunity for electrochemical corrosion to 
proceed. Therefore any unnecessary increase in feedwater 
conductivity has been avoided. This matter has not been con- 
sidered when adding the chemicals for treatment, since their 
beneficial effects are assumed to be much greater than any ad- 
verse effect due to conductivity. The avoidance of condenser 
leakage or addition of other high-conductivity water has been 
given first consideration. 

The control of pH in the steam condensate, the feedwater, and 
the drip returns is considered to be of primary importance and 
has been given the greatest amount of attention. 

As is known, the steam condensate, which is practically the 
whole of feedwater, is unbuffered, and any small amounts of acid 
or alkali will make a considerable change in the pH value. There- 
fore the elimination of dissolved carbon dioxide which forms 
carbonic acid, and the minimum generation of acids from sodium 
sulphite in the boiler water, are given close attention. As a 
first step, the pH value of the steam condensate is maintained in 
excess of pH 8.2 by careful regulation of the boiler-water alka- 
linity and sulphite concentrations, and the exclusion of carbon- 
ates from the feedwater. The retention of 0.02 ppm to 0.04 ppm 
of ammonia in the feedwater assists in neutralization of any 
small amounts of acid elements in the steam and raises the steam 
condensate above its neutral point of pH 7. 

A detailed account of the effects of sulphite in the boiler water 

on the quality of the steam condensate is given in a separate 
paper by Alexander and Rummel.‘ 

In order to exclude carbonates from the feedwater, close atten- 
tion is paid to maintaining a low alkalinity in the make-up water 
to evaporators and in reducing condenser leakage. The elimina- 
tion cf carbonic acid from the system has been given considerable 
study. It has been found that most of the dissolved gases can be 
removed by use of the deaerating equipment which was installed, 
but that adequate venting of the deaerators and evaporator con- 
densers is of great importance to the control. This venting is a 
necessary part of the pH control and the removal of dissolved 
oxygen. 


4“The Quality of Steam Condensate as Related to Sodium Sul- 
phite in the Boiler Water,” by R. C. Alexander and J. K. Rummel, 
published in this issue of the Transactions, pp. 519- 527. 


The final adjustment of the pH of the feedwater is accom- 
plished by continuous addition of caustic soda, and most of the 
residual dissolved oxygen is removed by addition of sodium sul- 
phite. The pH value of the feedwater, which was formerly held 
to pH 8 to pH 8.2, has been raised to pH 8.5 topH 9. The higher 
pH is believed to be beneficial in reducing corrosive effects due to 
dissolved oxygen which is present in measurable amounts in the 
water leaving the main condenser and probably persists as traces 
in the water leaving the deaerators. 

In units Nos. 1 and 2, the caustic soda and sodium sulphite are _ 
added after the condenser hot-well pumps in order to afford fur- 
ther protection of equipment between the hot well and the deaera- 
tor. Formerly, these chemicals were added to the deaerator 
storage tank. The change in the point of feeding has presented 
some problems in keeping the feed rate constant, but this method 
of feeding has caused no apparent interference in the removal of 
carbon dioxide at the deaerator, as was originally feared. Ir- 
regular feeding of the chemicals, due to intermittent pump opera- 
tion, was overcome in part by use of an equalizing tank, but there 
is some hope of replacing this later with a variable-speed direct- 
current-motor drive for the pumps. 

There has not been sufficient time to determine the effect on 
corrosion due to the increase in the pH of the water and the fur- 
ther removal of dissolved oxygen, but the amounts of iron and 
copper in the feedwater are believed to be reasonable for the 
operating conditions which are experienced. This investigation is 
being continued and recorders for hydrogen and pH are being 
used in collecting the data. 


TABLE 1 TYPICAL WATER ANALYSIS, UNITS NOS. 1 
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The analytical results, which are typical of present operating 
conditions for units Nos. 1 and 2, are shown in Table 1. 


FREQUENCY OF SAMPLING AND USE oF ConTROL TESTS 


A schematic flow diagram of the feedwater system and the 
location of various sample points which are available are shown in 
Fig. 3. The sample points which are used for routine tests are 
circled by a solid line and the samples which are taken less fre- 
quently are shown by dotted lines. 

Generally, sufficient cheinical-treatment control 


has been 
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maintained by daily tests made on the steam, the feedwater from 
the deaerator, the condensate from the evaporator condenser, the 
boiler water, and the effluents from the zeolite softeners. 

To determine the minimum vent settings, at times it is neces- 
sary to examine the condensed vented vapor for pH and gas con- 
tent, and to compare the pH of the evaporator condensate or the 
feedwater with the vent opening. 

In order to determine the effectiveness of oxygen removal in 
the deaerators and’ the prevention of in-leakage of oxygen in the 
vicinity of the condenser hot well and condensate pumps, it is 
necessary to make weekly tests for dissolved oxygen. Indirect 
tests for dissolved oxygen can be made at any time by determina- 
tion of the sodium sulphite remaining in the feedwater. This 
test is much more rapid than the direct method, but, for the pres- 
ent, the direct modified Winkler method is being retained. As a 
matter of normal routine, the increase and decrease in sodium 
sulphite demand for maintenance of minimum sulphite concen- 
tration in the boiler water can be interpreted as showing the pres- 
ence of more or less oxygen in the feedwater. 

Occasional to frequent tests are made of the water leaving the 
aftercondenser in the vacuum system of the main condenser. 
These and related data are used to show when it is advisable to 
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throw the condensate to waste instead of returning it to the sys- 
tem. For example, if the ammonia content of the feedwater is 
higher than is necessary to maintain the desired pH in the steam 
condensate, the aftercondenser condensate will run high in am- 
monia, and a part or all of this condensate may be thrown to 
waste. In some other system or at another time the free carbon 
dioxide.in the water may be the main consideration. 

As has been indicated, the tests most frequently made on the 
samples of steam condensate are pH value and conductivity ex- 
pressed as micromhos. Tests for free carbon dioxide and am- 
monia are made less frequently, but sufficient tests are made to 
control adequately the venting of deaerators, the evaporator 
condensate, and to show any need for other adjustments which 
may be possible. 

The determination of iron and copper in the feedwater are 
being made frequently during investigations of corrosion, and it 
is likely that these tests will be made occasionally in the future. 

Tests for soap hardness, alkalinity, and free chlorine are made 
on the raw city-water supply, and hardness alkalinity, and free 
mineral-acid tests are made of the effluents from the zeolite 
softeners and the blended soft water from the degasifying tower. 
The alkalinity of this water is maintained at approximately 25 
ppm. 

At the Harbor Steam Plant it has been found necessary to 
schedule the minimum amount of test work which should be done, 
but the laboratory personnel are expected to make such addi- 
tional tests as may be indicated by the control tests which are 
made on schedule. 


INSPECTION OF EQUIPMENT 


At times of overhaul, or during other shutdown periods, the 
opportunity has been taken to inspect the equipment for signs of 
corrosion and the presence of deposits on the metal surfaces. 
Inspections now being made by competent personnel are being 
used as a guide to the effectiveness of corrosion control by feed- 
water treatment at Harbor Steam Plant. It has been noted that 
those parts of the system in which the dissolved oxygen has been 
present and the pH values low, are most likely to show corrosive 
effects. No severe general corrosion has been found in any of the 
units, and this is attributed to the care which has been taken in 
applying the chemical controls which have been recommended. 
At this time it is believed that satisfactory progress has been made 
in improving the feedwater conditions so that local corrosive at- 
tack may be reduced to a practical minimum. 

Finally, it has been shown by tests and inspections that effec- 
tive deaeration throughout the system for removal of corrosive 
gases is of prime importance to the success of corrosion control. 


Allowable Eccentricity of Spherical 
Heads Convex to Pressure 


By R. G. STURM,! L. W. SMITH,? anv H. L. O'BRIEN? 


This paper discusses the variables and considerations in 
the design of spherical heads or shells, initially out-of- 
round, when subjected to external pressure. A method of 
calculating charts for design purposes based upon the in- 
stantaneous modulus of elasticity is presented herein. 
Calculations and charts for aluminum 3SO, and charts 
for stainless steel, 17-7 and “‘A”’ nickel are shown. 


NOMENCLATURE 


HE following nomenclature is used in this paper and is 
the same as that previously used for similar papers (1, 2, 


3) 
A = maximum value of deflection, in. 
Ao = maximum initial departure from a perfect sphere, in. 
E = modulus of elasticity (Young’s Modulus), psi 
E’ = tangent modulus of elasticity, psi 
R = radius of spherical shell, inches. 
S = total stress in the shell (direct stress and bending), psi 
Si = average stress in shell due to pressure only, psi 
S2 = stress in deflected shell due to bending, psi 
S, = stress in shell at collapse, psi 
S, = ultimate strength of material, psi 
S = modulus of failure, psi 
W = actual applied pressure, psi 
W, = collapsing pressure for perfect shell, psi 
W = collapsing pressure for an out-of-round shell, psi 


INTRODUCTION 


The design of spherical shells or pressure vessels with heads of 
spherical contour subjected to external pressure or pressure on 
the convex side is complicated by the unavoidable initial out-of- 
roundness of the manufactured shell or head. Beside the basic 
concepts of the strength of materials, other factors, such as 
secondary stresses due to bending, must be recognized as con- 
tributors to buckling action. 

The analysis presented herein leads to curves which may aid 
designers in the proper selection of spherical shell or head thick- 
nesses when manufacturing tolerances are considered. It is 
hoped that such curves will be of value to the ASME Code for 
Unfired Pressure Vessels. 

The type of eccentricity is an important factor. Th. von K4r- 
mén and H. Tsien (4) point out that a full cup deflection is a stable 


1 Professor, Purdue University, West Lafayette, Ind. Mem. 
ASME. 

2 Standard Oil (Indiana) Fellow, Purdue University. 

3 Graver Tank and Manufacturing Company, East Chicago, Ind. 
Jun. ASME. 

4 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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Vessels Under External Pressure, and Pressure Vessel Research Com- 
mittee of the Welding Research Council of The Engineering Founda- 
tion and presented at the Annual Meeting, New York, N. Y., No- 
vember 27-December 2, 1949, of Tum AMERICAN SocrETY OF MrE- 
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condition, but a flat deflection is very unstable. The size of the 
deformed area is also a critical factor. 

Investigators have attacked the problem in two general ways. 
Von K4rmén and Tsien (4) have used the theoretical approach as 
applied to thin shells, whereas Zick and Carlson (5), and Mariner 
and Keith (6) have approached the problem from the experi- 
mental viewpoint. 

This paper treats each shell as a departure from a perfect shape 
in which the bending stress contributes to yielding and collapse. 
The methods used are primarily analytical and follow similar 
analytical studies for cylindrical vessels. The analysis for cy- 
lindrical vessels has been substantiated by tests and serves as the 
basis for computing allowable out-of-roundness charts for the 
present ASME Code for Unfired Pressure Vessels. 


ANALYSIS 


The basic equation for the buckling of a perfect sphere which is 
thin enough to buckle elastically is 


If, however, the head is perfectly spherical but buckling does 
not occur until the compressive stress in the wall is above the 
proportional limit, a close approximation of the buckling stress 
is obtained by using a reduced value for the modulus of elas- 
ticity (1). For this case, the tangent modulus of elasticity H’ is 
used. The effective, or tangent, modulus of elasticity is the slope 
of the tangent to the stress-strain curve at the stress considered. 
Von Kérmé4n and Tsien corroborate the use of this modulus in 
preference to the secant modulus (4). The resulting equation is 


which is more useful when written as 


S,/E’ = 0.6 (<) oped ee ee [2a] 


In Equation [2a], the physical properties of the metal (S,/H’) are 
separated from the geometrical dimensions inherent to the head 
or shell. 

The general expression for the maximum value of deflection for 
an elastic structure initially out-of-round is given by the equa- 
tion 


At collapse W becomes W, and this expression gives the value of 
the moment arm which together with the force in the shell or 
head wall makes possible the computation of the secondary 
stresses due to bending. 

From the basic laws of statics, the average compressive stress 
in the wall of a spherical shell under external pressure is given by 
the equation 
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At the collapsing pressure for a perfect spherical shell, this stress 
is great enough to cause collapse. In out-of-round shells, the 
additional stress due to bending must be included in the com- 
putation for collapse. From Fig. 1, the moment due to the com- 


- 
= * UNIT THICKNESS 


S)= PDAt 


= MC/T* StAR(t/2)/(1912) 
Ss s 


M= StaR 
LEGEND 
WITHIN ELASTIC RANGE 


Fig. 1 DeERiIvaTION OF STRESSES IN WALL OF SHELL 


pressive force in the shell and the total radial deflection of the 
shell from its true spherical form causes a bending stress of 


which reduces to 


Therefore the combined effects of Equations [4] and [5] give 
the total localized stress in the out-of-round shell or head. Thus 
the general expression for the maximum total stress in the shell 
at any pressure is 


s= 8+ =5 (14042) sieterelis cise) cnet s [6] 


At collapse, the maximum deflection AR in Equation [6] is the 
value of A given by Equation [3]. The stress at collapse is, then 


The ratio between the collapsing pressure of an out-of-round 
shell and the collapsing pressure of a sphere can be defined as a 
reduction ratio Cp, which may be expressed mathematically as 
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which gives a measure of the value A at the pressure causing 
collapse of the out-of-round vessel. 

A term often used to predict the maximum load-carrying ca- 
pacity of beams is the modulus of failure, S, which is the hypo- 
thetical value of stress obtained from the ordinary flexure stress 


‘ M ; 

formula S = Fi using the value of M corresponding to the 
, 

maximum load on a test beam. The value thus obtained is used 


to predict the maximum value of M for other beams. 

From a consideration of a simple rectangular beam, such as a 
narrow strip of a shell wall (see Fig. 2), a value for this modulus of 
failure can be arrived at analytically for the case of pure bending. 
At maximum load, the actual stress distribution will be that indi- 
cated by the curved line in Fig. 2, which shows a maximum stress 
equal to the nominal tensile strength S, of the material. The 
hypothetical stress distribution is the straight line which termi- 
nates at the modulus of failure S. 


UNIT THICKNESS 


R= S(v2y(1) 


F = S(t/2)072) 


LEGEND 
WITHIN PLASTIC RANGE 


Fie. 2. Dsrivatrion or Moputus or FAILuRE 
By equating the moment from the hypothetical stress distri- 
bution to that from the actual stress distribution, approximated 
as constant stress across half of the beam, the following relation 
is obtained 


2s (3)(4) 250 (3) (3) 


from which we get 


Numerous tests have indicated that for narrow beams 8 is 
usually less than 1.5 S,, and for wide beams or plates § is often 
appreciably greater than 1.5 S,. For a usable approximation in 
this paper, however, the relation given by Equation [10] has been 
used. 

At collapse of an out-of-round shell, the maximum localized 
stress would then be expected to be practically equal to the value 
of §. When this value is substituted for the value of S in Equa- 
tion [7] and the value of A from Equation [9] substituted in 
Equation [7] the relation becomes 


This equation then may be solved for the ratio of Ao/t in terms of 
the allowable reduction in strength represented by Cg, the ratio 
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of the thickness to the radius (t/R) represented by S, and the ma- 
terial in the vessel represented by §. The resulting equation is 


Ao SS " 
Lae eae eae 
phates 


At collapse of an out-of-round vessel, the value of S; is (WR) / 


(2t). For a perfect shell at collapse, the average stress is S, = 
(WR)/(2t). Therefore 

Sr W: 

(Ses | gai Cr 


Now, the right side of Equation [12] may be divided by S,, the 
average stress in a perfect shell at collapse, to give 


Ss 
7 haa aa fs 
; ta et 
1—CR 
PROCEDURE 


As the’ first step toward evaluation of the Ao/t values, a range 
of design’characteristics, thickness to diameter ratio, was selected 
(see Table 1, column 1). This choice made the geometric design 
conditions the independent variables in the calculations of Ao/t, 


TABLE 1 


and all physical properties of the material were later determined 
from appropriate charts. 

The values of Cp for computations are listed in column 2, 
Table 1, and values of S,/H’, calculated from Equation [2a], are 
listed in column 3; thus columns 1 through 3 are independent of 
any physical and metallurgical properties and can be used when 
constructing tables for all metals. ' 

The figures listed in Table 1 are for 380 aluminum. The values 
of S, for column 4 were obtained (2) from the ordinate of Fig. 3 
at the intersection of the S,/H’, (abscissa) value, and the ap- 
propriate curve. With proper regard to existing data, the modu- 
lus of failure for 38O aluminum was taken as 21,000 psi (7). 

The component parts of Equation [13] were calculated, and 
listed in Table 1. The resultant values of Ao/t, listed in column 11 
do not consider a safety factor. However, any suitable factor 
may be applied to the resulting curves by dividing the pressures 
at collapse by that factor. 

The results of the foregoing calculations are presented in Fig. 
4. This chart was composed by designating the abscissa as the 
maximum initial departure from a true sphere divided by the 
head thickness (Ao/t) and the ordinate as the ratio of the col- 
lapsing pressure for the out-of-round head to the collapsing 
pressure for a perfectly spherical head (Cr). The curves were 
plotted for various ratios of diameter to thickness and for vessels 
operating under standard temperature conditions. 

Charts for ordinary temperatures were also calculated and 
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Fie. 5 CHART FOR DETERMINING STRENGTH REDUCTION FACTOR FOR 
3SO ALUMINUM AT ELEVATED TEMPERATURE 


drawn for 17-7 stainless steel and ‘“‘A”’ nickel, and are represented 
in Figs. 8 and 9, respectively. The S/H’ curves for these mate- 
rials may be found (2) in Figs. 6 and 7, respectively. 

Both the modulus of elasticity and the yield strength of metals 
operating under elevated-temperature conditions are lower than 
the same properties at standard conditions. Thus charts similar 
to those of Figs. 4, 8, and 9, should be drawn for various tempera- 
ture conditions. However, a strength-reduction- factor for 
aluminum, 3SO, can be obtained from Fig. 5. This chart gives a 
reduction factor which corrects for both the reduction in modulus 
of elasticity and yield strength of 3SO aluminum. The factor is 
applied by multiplying the value of W obtained from Fig. 4 by 
the correction for the desired temperature to get the reduced value 
of collapsing pressure at an elevated temperature. 
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SUMMARY 


1 Unavoidable out-of-roundness incurred in the manufacture 
of spherical heads or shells necessitates a consideration of the de- 
crease in strength of such vessels due to additional stress caused 
by the initial deviation from a true sphere. 

2 The type and size of deviation from a true sphere is im- 
portant. A small cup deflection actually stabilizes the shell, 
but a flat deflection contributes to instability and will give rise 
to buckling failure. 

3 A relation between the collapsing pressure of an out-of- 
round shell or head, and the value of the initial deviation from a 
true sphere has been analytically derived, and charts prepared 
for three representative metals. 

4 A method by which similar charts may be constructed is 
presented herein. This method separates the physical proper- 
ties of the metal from the geometrical dimensions of the shell. 

5 Suitable reduction factors may be applied to determine the 
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collapsing pressure for 38O aluminum at an elevated tempera- 
ture. This may be accomplished by multiplying the collapsing 
pressure for the out-of-round vessel at standard temperature by 
the reduction factor for the desired temperature. The reduction 
factor is less than unity for temperature above standard condi- 
tions. 

6 Factors of safety may be applied to the results presented 
here for industrial use. This consideration would not necessitate 
recalculations of the fundamental relations utilizing the allowable 
stress, because a suitable factor could be applied directly to the 


collapsing pressure. ‘Aa 
7 Experimental verification of the charts presented herein is 


desirable. 
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Addendum 


In determining the moment arm for the derivation of Equation 
[5], the initial deflection, Ao, was omitted. Consideration of this 
value alters Equation [3], since 


and 


The value of A thus obtained satisfies the definition of A in the 
nomenclature, and changes Equation [13] to 


8 

ay 
A See 

ic 


This materially changes column (11) of Table 1, Design Charac- 
teristics, with the result that the abscissas for the curves are 
changed. This is accomplished by multiplying the values of 
Ao/t by Cp at each value of Cp andt/D. By means of this modi- 
fication the curves in Figs. 4, 8, and 9 as published can be used for 


design. 
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Discussion 


Marsuauu Hout.’ Coincidently Equation [1] of the paper also 
applies to the buckling of thin-wall circular cylindrical shells 
under axial load. Inasmuch as test data and theories of large de- 
flections indicate that the coefficient 0.6 is too large, the question 
naturally arises as to the validity of this value of the coefficient in 
the problem of spheres. Von Karmé4n and Tsien arrive at a value 
of 0.188 for shells which are extremely thin and whose deviation 
from circularity gives the minimum elastic buckling strength. 
Although this coefficient does not enter the mathematics of this 
paper, it will be of great importance to the experimenter who 
tries to deduce from test results the out-of-roundness that must 
have existed in his specimens. 

In establishing the equation for maximum stress, no considera- 
tion is given to the fact that the shell plate is bent in two direc- 
tions. It would seem that Poisson’s ratio should enter this equa- 
tion. On the other hand, the modulus of failure is deduced from 
the results of a test under uniaxial stress without consideration of 
the effects of biaxial loading on the ultimate strength of materials. 
The authors, no doubt, expect these two effects to compensate for 
each other. 


5’ Aluminum Research Laboratory, New Kensington, Pa. 

‘The Buckling of Spherical Shells by External Pressure,” by Th. 
von Kaérmé4n, and Hsue-Shen Tsien, Journal of Aeronautical Sciences, 
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AuTHorRS’ CLOSURE 


Dr. Holt has raised a very interesting question which should 
have been covered in the original paper. The work by von 
Karmén and Tsien deals with extremely thin shells in which the 
material has an indefinitely high elastic limit. The coefficient 
0.18 determined by von K4rm4n and Tsien represents the reduced 
value of the classical coefficient, 0.60 for perfectly spherical 
shells. 

This reduced value results from a consideration of an eccen- 
tricity sufficient to produce a flat spot over an area which will 
make the value of the coefficient a minimum. Therefore the 
coefficient 0.18 cannot be used as a basis for determining 
the initial out of roundness because it intrinsically includes the 
effects of out of roundness. 

Dr. Holt is correct in expecting the effects of Poisson’s ratio 
and biaxial loading to compensate for each other. A considera- 
tion of the maximum distortion energy theory for biaxial bend- 
ing reveals that when the two bending stresses are nearly equal 
and the stress normal to the shell is negligibly small the critical 
stress for inception of plastic action is the same as for uni- 
directional stress. 

For elastic action Poisson’s ratio is included in the derivation 
of the coefficient, 0.60. For plastic action the analysis and 
derivations may not be as precise as for elastic action but have 
been found to give reliable results for engineering usage. 


Effect of Welding on Pressure-Vessel Steels 


By A. F. SCOTCHBROOK,? L. ERIV,’ R. D. STOUT,‘ anv B. G. JOHNSTONS 


This paper presents the results of a study using the 
Lehigh slow notched-bend test to determine the effects of 
welding on as-received and prestrained plate. It also dis- 
cusses the effects of different heat inputs in welding, the 
effects of plate thickness, of carbon content and deoxida- 
tion practice, and of heat-treatment after welding. 


INTRODUCTION 


HE effect of fabrication processes on steels used in pressure 

vessels is a subject to which considerable attention has been 

devoted by the Fabrication Division of the Pressure Vessel 
Research Committee of the Welding Research Council. It is 
desired to know which fabrication operations are harmful to the 
mechanical properties of steels, and to what extent.. Eventually 
this information should lead to materials specifications and to 
codes of recommended fabrication practice, based upon measured 
responses of steel to various treatments. With these objectives, 
the Pressure Vessel Research Committee is sponsoring a project 
at Lehigh University. 

In earlier investigations (1, 2, 3)® the effects of various simu- 
lated fabrication operations were determined by measuring the 
changes in transition temperature, strength, and ductility of the 
material. These fabrication processes included various degrees of 
plastic strain produced by uniaxial stress, followed by various heat- 
treatments (3). 

This report considers another fabrication process—welding. It 
was desired to know how different grades of pressure-vessel steels 
respond to welding, and to observe the effects of plate thickness, 
of plastic strains before welding, of high and low heat input during 
welding, and of heat-treatments after welding. 


MATERIALS 


For the tests reported here, six plain-carbon steels were selected 
from several mills to cover a range of grades, carbon contents, and 
deoxidation practices. A complete history is available (2) for two 
of the steels used, A-201 and A-70, each in two thicknesses, steels 
A (A-201) and E (A-70) of ®/s-in. thickness, and steels B (A-201) 
and F (A-70) of 11/, in. thickness. These steels were made es- 
pecially for research purposes. The others came from regular mill 
stock. Samples for chemical analysis were taken from the steels 
according to recommended ASTM procedure, and the results of 
these analyses are given in Table 1. Also included in Table 1 are 


1 Progress Report No. 4 on the Effect of Fabrication Processes on 
Steels Used in Pressure Vessels, submitted to the Fabrication Division, 
Pressure Vessel Research Committee of the Welding Research Council 
of The Engineering Foundation. 

2 Former Research Assistant, Fritz Engineering Laboratory, Lehigh 
University, Bethlehem, Pa. 

3 Research Assistant, Fritz Engineering Laboratory, Lehigh Uni- 
versity, Bethlehem, Pa. 

4 Associate Professor of Metallurgy, Lehigh University. 

5 Director, Fritz Engineering Laboratory, and Professor of Civil En- 
gineering, Lehigh University. 

6 Numbers in parentheses refer to the Bibliography at the end of the 

aper. 
s Contributed by the Special Research Committee on Strength of 
Vessels Under External Pressure, and the Pressure Vessel Research 
Committee of the Welding Research Council and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 1949, 
of Tum Amprican Society or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. Paper No. 49—A-49. 


strength and ductility data for the as-rolled plate, as determined 
by standard 0.505-in. tensile tests at Lehigh University. 


SPECIMEN PREPARATION AND TESTING 


The transition temperature of each steel was determined for 
each of the following conditions: 


(a) Welded. 

(6) Welded and heat-treated at 500 F. 

(c) Welded and heat-treated at 1150 F. 

(d) Elongated 5 per cent and welded. 

(e) Elongated 5 per cent, welded, and heat-treated at 500 F. 

(f) Elongated 5 per cent, welded and heat-treated at 1150 F. 

This schedule was followed for two heat inputs: 175 amp at 10 
ipm with an E6010 3/,.-in. electrode (called W1), and 275 amp at. 
8 ipm with an E6010 !/,-in. electrode (called W2). To cut down 
on expensive machining operations, conditions (b) and (e) were 
not used for the 11/,-in. plate (steels B and F). 

The longitudinal bead notch-bend test, Fig. 1, was used as de- 


D,Notch Depth = 0 080" 
a,Notch Angle = 45° 


R, Root Rodius = 0.010" 


—Relling Direction 


Fig. 1 
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veloped by a Welding Research Council project at Lehigh Uni- 
versity (4). With an automatic welding machine, a weld bead 10 
in. long was deposited on a plate surface of the 3-in. X 12-in. 
specimen. Heat-treating was done one day after welding. The 
5/s-in. plate was then notched and tested at plate thickness, while 
the 11/,-in. plate was shaped down on the unwelded surface to a 
thickness of 5/s in. before notching. Specimens were tested 1 
week after welding. 

The 5 per cent prestrain for the foregoing conditions (d), (e), (f) 
was produced by stretching strips 91/:-in. X 16-ft in an 800,000-Ib 
testing machine. Gage marks were scribed at 2-ft intervals along 
the strips, and the distances between marks were measured regu- 
larly during the pulling. A 2-ft section from each end of each strip 
was discarded to avoid using material which had been nonuni- 
formly deformed because of the restraints at and near the testing- 
machine grips. 

The specimens were tested in bending, as in Fig. 2. Three 
measurements were made on each specimen—per cent lateral 
contraction, per cent of the fracture area which was cleavage, and 
energy absorbed by the specimen from the start of the test until 
the load had passed its maximum and dropped to a value equal to 
half the maximum. The per cent contraction values were ob- 
tained by measuring with a pointed micrometer the width of the 
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TABLE 1 
Project A.3.7.M. Deoxidation Plate C Mn P s 
Letter Ho. Thich 
ness 
I 4-285 Rimmed 5/8" .15 238 .012 .030 
Grade A 
K A-285 Semi-killed 5/8" .09 .43 .014 .027 
Grade A 
L 4-285 Rimmed 5/8" .20 .40 .Ol1 .030 
Grade C 
B A-70 Rimmed 5/8" .22 .37 .019 .028 
Grade C 
r A-70 Rimmed 1 1/4" .20 .35 .018 .028 
Grade ¢ 
A 4-201 Killed 6/8" .17 .56 .020 .022 
Orade A 
B 4-201 Killed 1 1/4" .15 .55 .020 .019 
Grade A 
P A-201 Killed 5/8" .12 .41 .016 .027 
Grade A 


SPECIMEN SIZE lex 3°x 5/8" 
NOTCHES AT 4" INTERVALS 


ROLLED SURFAGE Seen QTCH 


080" DEEP 
45° ANGLE 
O10" ROOT RADIUS 


oTrG. 2 Tue LenieaH Stow NotcHep-Benp Trest 


specimen !/ 2 in. below the notch before and after the test. Per 
cent cleavage measurements were made on a fractured section 
with a steel scale. Energy values were determined by measuring 
with a planimeter the area under a load-deflection curve obtained 
autographically during the test. 

Twelve specimens, or twenty-four notch tests, were used for 
each condition, four tests at each of six temperatures. The 
average values at each temperature were connected by straight 
lines, and the transition temperature was the point at which the 
per cent contraction, per cent cleavage or energy was equal to 
half its maximum. When occasionally the transition curve 
formed a plateau near the transition temperature, a transition 
range was reported as well as a transition temperature. This 
range extended from the temperature of —10 per cent to that of 
+10 per cent of the half-maximum value of contraction, cleavage, 
or energy which had defined the transition temperature. 7J’y and 
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RESULTS OF ANALYSES 


Si Al 1,0, Np Lower Maximum % Hed. f£lon- 
Yield Strength of Area gation 
Strength p.3.i. 
PeBole 
201 2010 2.007 .004 34,650 59,150 63,8 38.0 
202 2011 .005 .004 29,600 61,450 73.5 42.3 
201 .008 .006 .003 32,050 61,400 56.3 37.5 
202 010 .002 .004 33,850 64,2000 63.2 38.5 
202 2021 .003 .003 26,250 56,300 63.1 39.5 
o2l .041 .003 .005 35,450 63,150 68.6 38.0 
220 2041 .006 .004 31,600 63,300 64.6 26.6 
019 .018 .007 .003 32,850 57,350 66.7 38.9 


Tz, the transition temperatures obtained from per cent contrac- 
tion and energy curves, respectively, were considered the transi- 
tion temperatures of the material with the original notch. 7'g, ob- 
tained from per cent cleavage curves, was considered the transi- 
tion temperature of the plate when notched by a crack. All three 
temperatures are listed in Tables 2, 3, and 4. 

T;, as described here, is a transition temperature not pre- 
viously determined or reported in the earlier papers. TJ’, was 
found to agree very closely with 7’, for unstrained material, and to 
be consistently lower than Vy for strained material. Fig. 3 
shows typical energy and contraction curves for strained and un- 
strained material. 

To determine the effects of welding, the transition tempera- 
tures of welded specimens were compared with those of unwelded 
specimens from the same material. Although transition curves 
for the as-received condition have been made earlier for steels B 
and F (1, 3), they were repeated for use in the present work. It 
was found that there were some differences between the two sets 
of curves, which are shown in Figs. 4 to 7. The discrepancies be- 
tween the curves must be accounted for by variation from plate to 
plate (2), and by inaccuracy caused by the method of plotting. 
From these curves it appears that variations in transition tem- 
perature as high as 30 F could be intrinsic to plate variations 
and to the testing and plotting methods, and could not be at- 
tributed with surety to the variable being studied. 


Discussion OF RESULTS 


Effect of Welding As-Rolled Plate. Welding increased notch- 
sensitivity of as-received plate when measured by per cent con- 
traction or energy. The difference between unwelded and welded 
plate was shown: by a significant rise in the transition tempera- 
tures Ty and 7',, both of which are affected by the material 
directly below the machined notch. The rise in 7'y caused by 
welding as-received plate is shown graphically in Fig. 8. The 
order of transition temperatures after welding was quite different 
from that before welding. 
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Steel Ag 


TABLE 2 EFFECT OF WELDING ON TRANSITION TEMPERATURE—CRITERION—TW 


Veld Weld Weld Weld Weld Weld Strain Strain Strain Strain Strain Strain -train 
Rolled 8 m Wo ws 6% welded welied welded welded 
Unstrained Post Heat Fost Heat un- welded welded vv, Wo ¥) wD 
1150°F welded =) Wp vost Heat Fost Heat 
500°F 1150°F 
A =35 33 «-18 15 -8 -30 3 =45 35 20 3 20 -18 6 
3B =-85 43 «47 - «< 7 19 35 89 93 - - 15 0 
P «73 18 30 2-11-55 <2) =75 77 11 o 31° ~— wat aes 
1 -28 28 66 41 2 -18 35 53 45 26 40° 15 - § -11 
K -53 12 -17 8 30 40 -35 10 71 40 53 44 -18 23 
L -51 63 58 79 59 35 856 - 7 92 88 45 83 =-10 48 
E -13 76 68 68 63 30 is 0) 8 80 68 68 a0 -13 38 
tT -71 81 66 - e}- 17 a 48 150 62 - = 88 18 
o  - Yelded using 175 amperes at 10 inches per minute with an E6010 3/16" electrode. 
00 Wo = Welded using 278 amperes at 8 inches per minute with an 56010 1/4" electrode. 
& = -emperature Range - 5 to 32 
bd = Temperature Ranges 45 to 82 
c - Temperature hange O to 43 
ad - lemperature Range -26 te 32 
@ « Temperature Bange to 50 
TABLE 3 EFFECT OF WELDING ON TRANSITION TEMPERATURE—CRITERION—TE 
Steel As Weld Weld Weld Weld Weld Weld Strain Strain Strain Strain Strain Strain Strein 
Rolled wf w8° w) wo Ww WD welded welded welded welded 
Unstrained Post Heat Post Heat un= welded welded vw, w wy CJ 
500 °F 1150 F welded wy) W> Post Heat Fost qeat 
500 F 115¢0°F 
4 236 29 934 «Wll -16 -8 -3 -69 7 -5 18 «18 “59 - 8 
B 96 45 55 = = -18 5 =-58 90 88 - - 24 -25 
P 74 17 22 20 35 “41 <-23 -67 e 49 -18 28 =36 41 46 
I 33 29 61 27 5 -68 15 84 Q -2 -18 ji 33 35 
kK 54 ll -27 2 <a “50 <2) 29 46 18 33 343) 28 @29 
L -58 52 51 75" 40 1131-835" 2) 26 38 0 #26 1g* =25 3 
B «13 65050 Sra ages 1.2 7-eG 2?) 9BOn rH 1S 14 13 3 8 ~2] 12 
Vs 75 100 69 - - ¥/ 33 -1l 136 3 - - 30 22 
o WW; - Yelded using 175 amperes at 10 inches per minute with an E6010 3/16" electrode. 
00 Wo - Welded using 275 amperes at 8 inches per minute with an E6010 1/4" electrode. 
a - Temperature Range = 3 to 60 
> - Temperature Range - 58 to 15 
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TABLE 4 EFFECT OF WELDING ON TRANSITION TEMPERATURE—CRITERION—TB 

Steel As Weld Weld Weld Weld Weld Weld train Strain Strain oerete try Beh i rac 
menhes vetttltegs Pout Host Post Hest un=- welded welded ®) ¥w2 2 ¥2 
= 600°F 1150°F welded Ww) wo soe Eee AGS 
a 65 68 53 35 53 45 2 50 - 90 108 115011 84 68 
B 81 78 70 - - 67 64 83 95 118 - - 91 94 
P 50 13. 30 13-11 28 -16 -10 57 65 56 44 48 38 
1 45 80 75 83 74 84 61 79 114 85 113 86 88 57 
K 55 66 47 65 38 60 75 79 117 97 103 86 80 61 
L 87 97 8693 92 108 110 100 108 156 148 153s «142 131 107 
E 110 95 98 109 119 133 113 118 153 150 175. 0—s«127 125 115 
F 180 8157 158 - - 156 164 163 163 2i2 - - 158 166 


o , - Welded using 175 amperes at 10 inches per minute with an E6010 3/16" electrode. 


00 Wo Welded using 275 amperes at 8 inches per minute with an 86010 1/4" electrode. 


------ ENERGY A 
° % CONTRACTION 


% CONTRACTION 


STRAINED 


Fic. 3 CoMPARISON OF PER CENT CONTRACTION AND ENERGY CURVES FOR WELDED A-201, 
5 /s-IN. MATERIAL 


The notch sensitivity measured by fracture appearance was 
little affected by welding. This is shown in Fig. 9 by a small rise, 
or even a drop, in 7’, values from unwelded to welded plate. 

Effect of Welding Prestrained Plate. As seen in Fig. 10, pre- 
straining often but not always raised somewhat the transition 
temperatures of as-received plate. The effect of welding this 
plastically prestrained plate is shown in Figs. 11 and 12. Asin the 
case of as-rolled plate, the 7'y for strained plate was significantly 
raised by welding, Fig. 11. The 7'y level after welding strained 
metal was a little higher than that after welding unstrained metal, 
Fig. 18. 

When the effect of welding prestrained steel is considered in the 
light of the transition temperature 7’, in Fig. 12, it can be seen 
that 7’, for strained ‘steel was raised up to 75 F by welding. 
Tz for strained and welded plate was, in most cases, appreciably 
higher than that for unstrained and welded plate, Fig. 14. 

Effect of Heat Input. In comparing the differences in level be- 


tween W1 and W2 in Figs. 8, 9, 11, and 12, it may be noted that, 
except in two cases, the two heat inputs resulted in about the same 
transition temperature for these plain-carbon steels. | 

Effect of Plate Thickness. It can be seen from Figs. 8 to 11 that | 
welding usually caused greater increases in 7'y for steels B and F, | 
which were welded at 11/.-in. thickness, than it did for the other 
steels, welded at °/s in. thickness. Since all the steels were tested _ 
in °/g in. thickness, this indicates that the increased cooling rate 
after welding, imposed by the thicker plate, resulted in a higher / 
Ty transition temperature. The 7’, transition temperature, Figs. | 
9 and 12, was changed by welding to about the same degree for 
11/,-in. and 5/g-in. plate. | 

Effect of Carbon Content and Deoridation Practice. There ap- 
peared to be some correlation between carbon content and tran- 
sition temperatures, both before and after welding, as shown in | 
Fig. 15. This figure contains only the values for the steels of °/s 
in. thickness. 
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Fig. 10 . Errect oF PRestRAIN ON T'y AND 7'g OF UNWELDED PLATE 
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Fig. 14 Comparison or 73 FoR UNSTRAINED AND WELDED Piate WITH 
STRAINED AND WELDED PLATE 
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Fig. 18 Errect or 1150 Dec PosrHrat on UNSTRAINED AND WELDED PLATE 


In Fig. 16 the steels are grouped according to deoxidation 
practice. According to either 7'y or Tz, the rimmed steels had 
the highest transition temperatures after welding, the killed steel 
with aluminum addition next, followed by the semikilled, and 
straight silicon-killed steels. It is interesting to note that the four 
steels selected at random from mill stock compared favorably 
with the two pedigreed steels prepared especially for research 
purposes. 

Effect of Heat-Treatment After Welding. The effect of a 500 
F heat-treatment after welding unstrained metal at the lower heat 
input is illustrated in Fig. 17. The heat-treatment has little 
effect—it sometimes lowered 7'y and T'z slightly and sometimes 
raised them. The 1150 F postheat, however, Fig. 18, lowered 
Ty by as much as 70 deg, while 7'z was unaffected. 

Strained and welded metal, however, responded more readily 
to heat-treatment. In Fig. 19 it can be seen that even the 500 
deg postheat lowered 7'y somewhat, and it left 73 unchanged. 
The 1150 deg postheat, as shown in Fig. 20, resulted in a lowering 
of T'y by as much as 100 deg, and also a consistent lowering of 7's. 

The same responses were found after the higher-heat-input 
weld. 

Effect of Welding on Hardness. A study was made of the hard- 
ness of the material immediately below the weld in all conditions. 
It revealed little beyond the fact that welding increased the hard- 
ness in this area, and that the 1150-deg postheat had a very slight 
softening effect. 


SUMMARY 


1 Welding appreciably increased the notch sensitivity of the 
material. The increase could not be predicted from the transition 
temperature of the unwelded plate. 

2 Welding prestrained material resulted in a Ty and 1’; of 
slightly higher level than welding unstrained plate. 

3 Welding raised the 7'y transition temperature of thick plate 
more than thin plate. 

4 The levelof transition temperature was apparently a function 
of carbon content and deoxidation practice. 

5 An 1150 F heat-treatment after welding greatly im- 
proved the material affected by the weld. A 500 F postheat 
improved strained and welded material, but not unstrained welded 
material. 


(J -straineo 5%, WELDED LOW HEAT INPUT 


PZ -stRAINeD, WELDED, 500°F POSTHEAT 
’ 


Fie. 19 Errect or 500 Dea PosTHEat ON STRAINED AND WELDED 


PLATE 
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Some Factors Influencing the Economics 


of Reheat Installations 


By R. W. HARTWELL! ann H. A. WAGNER,! DETROIT, MICH. 


This paper presents a discussion of some economic fac- 
tors concerned with choosing between a battery boiler 
system as compared to a unit boiler-turbine system, and 
a reheat as compared to a nonreheat plant. Annual costs 
are compared for four power plants containing the several 
basic design features. Emphasis is placed upon the dif- 
ference in average availability of capacity of the four 
plants, effect on availability of two maintenance schedules, 
and result of assigning capital charges based upon differ- 
ence in average available capacity. 


N any study concerned with economics of a new power plant, 
there are numerous factors which require consideration. 
Basic assumptions in each case must suit the characteristics 

of the particular power system involved, hence a study made for 
one plant will not necessarily fit the requirements for another. 
This paper covers only certain of the economic factors believed 
to be pertinent in choosing between (1) a battery boiler system 
and a unit boiler-turbine system; (2) a reheat and a nonreheat 
installation. 
Special consideration was given to the effect on over-all cost of: 


(a) Availability of capacity in each of the schemes. 

(b) The result of different maintenance schedules on availa- 
bility. 

(c) Assigument of capital charges resulting from the difference 
in average capacity available. 


It is not the intent of the paper to prove that any one of the 
four plant schemes studied is the preferred arrangement since 
this paper represents only a part of a study now being made. 
Selection of one or two schemes from this analysis should be the 
starting point for further investigation as to other throttle condi- 
tions, different sizes and types of turbine-generators, and other 
design characteristics such as outdoor or semioutdoor construc- 
tion, heat-cycle arrangement, and soon. It is believed, however, 
that an analysis of the effect of some of the foregoing factors will 
be of interest to those concerned with power-plant economics. 


Basic Design FeaTuRES OF PLANTS STUDIED 


Four plant designs were selected for study to provide a means 
for investigating the economic desirability of (1) the unit boiler- 
turbine systems as compared to a battery boiler system; and 
(2) resuperheating or reheat as compared to a nonreheat installa- 
tion. Each plant has an installed capacity of 400 mw in four 
100-mw tandem-compound double-flow 1800-rpm turbine-gener- 
ators. Plant A, the battery boiler system, consists of five inter- 
connected boilers; plant B has four boilers, each connected 
directly to its own turbine; plant C has four boilers, one for each 
turbine, which are connected by a crossover; plant D is the unit 


1 Engineering Department, The Detroit Edison Company. Mem. 
ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 27—December 2, 1949, of THs 
AMERICAN Society oF MrecHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-100. 


system as for plant B, but provided with reheat. These plants 
have totally enclosed boiler rooms and pulverized-fuel-burning 
boilers equipped with unit coal-pulverizing mills, 

The estimated total cost for each of the four types of plants 
considered, and the cost per kilowatt which was based upon name- 
plate turbine-generator capacity, are given in Table 1. The 
better thermal economy of the reheat installation is reflected in 
smaller boilers, condensers, boiler feed pumps, piping, etc., all of 
which have been evaluated in arriving at the total cost of the 
reheat plant. 

Throttle Conditions. Plants A, B, and C were assigned the 
1300-psi 950 F throttle condition in comparing the battery boiler 
system with the unit system, since use of higher steam condi- 
tions would have increased piping costs to a disproportionate 
extent, and unduly penalized the battery boiler system. De- 
troit Edison installed two 100-mw 1300-psi 950 F turbine-gen- 
erators and four boilers at Trenton Channel power plant 
during 1949, for which accurate cost data are available. Also, 
two similar machines with the same steam conditions, together 
with four boilers, will be installed for service at the Connors 
Creek plant in 1951. 

In setting up the reheat installation, plant D, an effort was 
made to choose conditions which were high enough to favor a reheat 
cycle and yet which were somewhat comparable with the non- 
reheat condition. The 1450-psi operating steam pressure seems 
to be popular because the cost of turbine-generators for 145C 
psi apparently is no more than for 850 psi, assuming the same tem- 
perature for both pressures. Subsequent studies may investi- 
gate the economic advantages of reheat and nonreheat installa- 
tions with equivalent throttle conditions. 

Boiler Capacity and Arrangement. Of the 970,000-lb per hr 
boilers in plants A and B, each has approximately 10 per cent 
excess steam-generating capacity over the maximum steam 
requirements of one 100-mw turbine-generator. In the battery 
boiler system of plant A one spare boiler was provided, and all 
boilers supply steam to a common main steam header. Pro- 
vision of more boilers of a smaller size in the battery boiler scheme 
was not included since it was determined that more boilers would 
involve a higher cost with no compensating economic return. 
Plant B has four entirely separate unit boiler-turbine combina- 
tions, while plant C is laid out as a unit system with sufficient 
crossover piping so that any of the four boilers can supply steam 
to any of the four turbines. The 1,100,000-lb per hr boilers were 
sized so that any three boilers can supply sufficient steam to carry 
rated load, 100 mw, on each of the four turbine-generators. 
The larger boilers are desirable to secure a higher average plant 
availability made possible by the crossover. 

The reheat boilers in plant D are comparable with those in 
plant B in that about 10 per cent excess steam-generating capacity 
over maximum turbine requirements is provided and the four 
boiler-turbine units are entirely separate. 

Pump and Heater Arrangement. The arrangement of the 
pumps and heaters for all plants is essentially the same. Each 
turbine has two full-size condenser pumps and three half-size 
combination boiler feed and heater feed pumps. Five feedwater 
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heaters are provided for the turbines in plants A, B, and C whereas 
six heaters are provided for the reheat turbines in plant D. 


PLANT AVAILABILITY 


The scheduling of Detroit Edision turbine-generator overhauls 
has become increasingly difficult during the postwar years be- 
cause summer peak loads have shown a pronounced upward 
trend and are now about 88 per cent of the previous winter peak 
loads. 

The 12 per cent difference between the summer and winter 
peak loads represents the theoretical amount of capacity availa- 
ble to accommodate equipment maintenance and overhaul in the 
summer. All of this margin is not available, however, as higher 
circulating-water temperatures during the summer months cause 
a reduction in machine capacity of about 4 per cent. The re- 
maining 8 per cent of the winter peak, which is about 120 mw, is 
available for summer maintenance. Overhaul scheduling for a 
system which includes 28 turbine generators, many of which 
are 75 and 100 mw capacity, is seriously affected, therefore, by 
the anticipated availability of the various machines. 

Maintenance Schedules. In establishing a new plant-mainte- 
nance schedule, it is necessary to forecast the average main- 
tenance time for the boilers and turbines for a minimum 35-year 
period. Operating records for equipment in the system and 
reports of other companies provide a basis for assuming main- 
tenance schedules. For the purposes of this analysis, two 
schedules have been used: one based upon single-shift mainte- 
nance, and the other on double-shift maintenance (Table 2). 
Each schedule provides approximately the same number of man- 
hours for the equipment overhauls and inspections. 


TABLE 2 MAINTENANCE SCHEDULES, BASED UPON 35 YEARS 
OF OPERATION 


Schedule A Schedule B 
single shift double shift 
Scheduled outages: 
Turbine overhaul, triannual.......... 5 weeks 21/2 weeks 
Boiler overhaul, annual............... 2 weeks 1 week 
Boiler inspection, annual.............. 11/2 weeks 1 week 
Unscheduled outages: 
Turbine forced outage, annual......... 2 days 2 days 
Turbine maintenance, annual.......... 2 days 2 days 
Boiler forced outage, annual........... 1/, day 1/2 day 


The annual boiler-inspection period gives the maintenance 
personnel an opportunity to check thoroughly the condition of 
the boiler and to make necessary repairs. With an inspection 
period scheduled about 6 months after a boiler overhaul, it is an- 
ticipated that no other boiler outages will occur, except the !/2- 
day forced outage per year. In setting up the lifetime boiler- 
maintenance schedules, it was assumed that all boilers.would be 
acid-cleaned, and that a spare coal-pulverizing mill would be in- 
stalled so that no boiler outage will result from mill maintenance. 

The allowance thus made for unscheduled turbine-maintenance 
outage is to cover minor repairs, or adjustments, or other troubles 
of such a nature that immediate outage is not caused but which 
require correction within a reasonable length of time. 

These two schedules represent possible practice on the part of 
one company. Other maintenance practices in force in other 
utilities? will have an important bearing upon availability as is 
indicated by the difference between schedules A and B, 

Availability Calculation for a Four Turbine - Four Boiler Plant. 
A four turbine - four boiler plant arranged on a unit-system basis, 
operating with a single-shift maintenance schedule, such as 
schedule A, would have availability over a typical 3-year period, 
assuming best coincidence of boiler and turbine repairs as given 
in Table 3. 


2 Turbine and Boiler Overhaul Practice, EEI Publication No. R-13, 
August, 1949. 


TABLE 3 AVAILABILITY OF ee TURBINE- FOUR BOILER 


Scheduled outages: 


lst year One turbine and one boiler overhaul ....... yee. 5 weeks 
(Three boiler overhauls etateae mame aro 6 weeks 
Four boiler inspections............0+eeeeeeeee 6 weeks 
Total fonsdlstyéareeeny. taco o aerate <elae 17 weeks 
2nd year Same as Ist year 
Total:fori2ndtyear aetna ne cen helerde rere aetes 17 weeke 
3rd year Two turbine and two boiler overhauls.......... 10 weeks 
Twoyboilerioverhaulsnes ceew peti aici els 4 weeks 
Four boiler inspections +. Aisha ss im cies ate eels 6 weeks 
Total forSrd year . dada nal. oie ele 20 weeks 
Average scheduled outages per year...........++++0+0+ 18 weeks 
Unscheduled outages, per year: 
Botler forced outage fevoseon witless eee 2 days 
HUT bine LOTCedi OLS Lect, 6c ne een ee 8 days 
Lurbine:mambenanceoubtage so. +h ee ete ee nee are 0 days 
Average unscheduled outage per year...............05 2 weeks 
Totalroutage per year Wes.cc is fd t ) ete a eh 20 weeks 


20 


Availability = 100 [1 aaa 


= 90.4 per cent 


Jn these calculations, the effect of increase in frequency 
of forced outage due to addition of forced boiler outage to the 
forced turbine outage in the unit system is minimized, since 
average capacity of the several plants is based only upon avail- 
ability. If the total reserve against forced outage were com- 
puted by probability methods, the increase in reserve required 
by the greater frequency of outage of the unit system would be a 
significant amount.* The extra reserve capacity so determined 
would be added to the increase in reserve needed for summer 
maintenance for the unit system as indicated herein, to make 
all plants equivalent in average available capacity. 

The availability figures for all plans under consideration and 
for both maintenance schedules are shown in Table 1. 


Capacity CHARGES 


In studying the merits of the four plant designs shown in Table 
1, it is desirable to make each design comparable with the other 
from a capacity standpoint. As is shown in Table 1, plant A 
with its battery boiler system, has the best availability and 
hence the highest average available capacity. Conversely, 
plants B and D, designed as unit systems without crossover 
piping, have the poorest availability and the lowest average 
available capacity. ‘The difference in the average available 
capacity should be considered if, as pointed out heretofore, 
maintenance schedules require that summer peak loads must be 
met with reserves no better than under winter peak-load condi- 
tions. During the latter, it is assumed in all schemes that full 
capacity is available. The capacity charge is determined by 
applying fixed charges on the investment required to provide the 
difference in average available capacity, as indicated by the 
following example: 


Method of Calculation. With maintenance schedule A in 
effect, plant A has a 430,300-kw average available capacity, which 
is 21,700 kw more than the 408,600-kw average capacity of plant 
B. One means of making these two plants equivalent would be to 
install 21,700 kw of additional capacity in plant B. The cost of 
this capacity at $164.40 per kilowatt for plant B would be about 
$3,570,000. Amnual fixed charges on this investment, which 
include taxes, insurance, depreciation, and interest, would be 
$357,000. As is demonstrated in this simple calculation, the 
amount of the capacity charge is influenced by equipment availa- 
bility, the cost of the new capacity involved, and the fixed-charge 
rate. 

Partial Capacity Charges. The annual capacity charge of 
$357,000 computed in the foregoing represents a 100 per cent 
capacity charge. This assumes that each year plant B is in 


? “Outage Expectancy as a Basis for Generator Reserve” by H. P. 
Seelye, Trans. AIEF, vol. 66, 1947, pp 1483-1488. 
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service will be one during which a close maintenance schedule is 
in effect wherein careful consideration must be given to peak 
loads during the summer months as well as during the winter 
months. Furthermore, it is assumed that added system capa- 
bility correctly matches load growth, and only a minimum 
amount of reserve capacity is available at all times. 

The likelihood that all of the years in the life of a power plant 
will be prosperous ones, during which power loads remain high, is 
remote. Past experience indicates that there will be depression 
years, during which peak loads tend to fall off, and with these 
lower loads machine availability becomes less important. In 
depression years, capacity reserves are high, and _ therefore 
capacity charges do not seem justified. Because of this condi- 
tion, it is postulated that a partial charge should be made against 
the plant designs which have poorer machine availability. 

In many cases reserve capacity might be bought from inter- 
connected systems during the close maintenance years, thereby 
saving the charges during depression years. Then too, a com- 
pany interconnected to a system which generates hydropower 
might arrange the purchase of excess power during the summer 
months. It is recognized, however, that reserve capacity or 
power purchase agreements are often on a short-term basis, and 
may not cover the life of a plant. 

The contention that capacity charges should be made only 
when the amount of capacity involved is influential in decid- 
ing when to install an additional machine, should be considered. 
Actually, many factors are involved in establishing the amount 
of capacity which has sufficient effect on the system to warrant 
installation of a new machine, and hence to require a special 
capacity charge. Some of these factors are matters of policy, 
such as reserve allowance and equipment maintenance, while 
others pertain to conditions under which a company is operat- 
ing, i.e., system size, interconnections, machine sizes, load 
characteristics, etc. In one case the deficiency of 21,700 kw of 
capacity, which is the difference between that provided by 
plants A and B, could require the installation of new capacity, 
while in some other case the deficiency of this amount of capac- 
ity might not affect the expansion policies of the company. 

Thus it is evident that conditions may require a full 100 per 
cent capacity charge, whereas others require none at all. This 
study therefore includes capacity-charge rates of 0, 50, and 100 
per cent. 


ANNUAL OveEer-ALL Costs 


In developing the annual costs for the plants, four basic cost 
items were considered. These were (1) the fixed charges on the 
investment, (2) coal costs, (3) labor costs, and (4) capacity 
charges. 

Fixed Charges. Annual fixed charges which include property 
taxes, insurance, depreciation, and interest were computed at 10 
per cent on the investments. 

Income taxes were not included as a fixed-charge item since 
they are associated with revenue rather than with investment. 
The economics of one plant design over another is not neces- 
sarily subject to income taxes as these savings might be con- 
sidered applied to rate reductions, for averaging out with less 
profitable phases of the business, or to offset increasing costs 
without rate increases. It would appear that income taxes should 
be considered on completion of the analysis, so that the effect of 
such items as coal and labor costs can be included. No deduc- 
tions for income taxes have been applied in this study. 

Coal Costs. The basic coal cost assumed in this study was 
25.8 cents per million Btu, representing a coal having 11,800 
Btu per Ib heating value and a long-range cost of $6.10 per ton 
delivered. 
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Since it is extremely difficult to forecast long-term coal costs, 
one of the annual operating-cost comparisons was made holding 
the annual plant factor constant while varying coal costs from 16 
to 32 cents per million Btu. 

In computing the coal costs for the various plants, it was 
assumed that for a specific annual plant factor the same number 
of kilowatthours would be required by the system. The base 
generation therefore would be equal to the net plant capability 
times per cent availability of the battery boiler system times 
annual plant factor. It is assumed that the net plant capability 
is 113 mw per machine, or 452 mw for the plant. A plant with a 
poorer availability would be unable to produce all of the required 
generation and therefore some kilowatthours would be supplied 
by less efficient machines on the system. The foregoing does not 
include a capacity charge. With a 50 per cent capacity charge, 
only one half of the generation deficiency need be transferred 
to the less efficient capacity. If a 100 per cent capacity charge 
is made, it may be assumed that all of the required kilowatthours 
will be generated on high economy capacity. The charge against 
plants with poorer availability will depend upon the heat rates 
of the machines to which the generation is transferred. 

Labor Costs. In anew plant with centralized control features, 
modern coal-handling equipment, and large turbines and boilers, 
the number of men per megawatt of capacity is considerably less 
than found in many existing plants. It was estimated that the 
labor complement, including operating and maintenance per- 
sonnel, for plant A would be about 210 men. Plant C, with its 
unit system and crossover, has one less boiler to overhaul each 
year and therefore requires fewer maintenance personnel. 
It. was assumed that more boiler-maintenance overtime or addi- 
tional maintenance personnel would be required in plants B and 
D, as compared to plant C, as boiler outage means turbine 
outage in plants B and D. 

Based upon the foregoing, the assumed labor costs, including 
wages and such items as social security, pensions, insurance, etc., 
for each plant are given in Table 4. 


TABLE 4 ASSUMED LABOR COSTS 


= —Plant: -——-Annual labor cost-——~ 
Designation Description Maintenance Maintenance 
schedule A schedule B 
A Battery boiler system $830000 $830000 
B Unit system—no crossover 813000 843000 
Cc Unit system—crossover 802000 802000 
D Unit system—reheat 813000 843000 


Capacity Charges. Operating cost data are presented for three 
different capacity charge rates, 0, 50, and 100 per cent. The 
method of computing these charges and a brief discussion of the 
reasons for including them in an economic analysis which in- 
volves equipment with different availabilities was presented 
earlier in the paper. 

Annual Operating-Cost Comparisons. Table 5 presents the 
annual operating-cost comparisons for the four plants under 
consideration, assuming a 70 per cent annual plant factor and a 
coal cost of 25.8 cents per million Btu. The annual plant factor is 
the ratio of the kilowatthours generated on the machine in a year 
to the product of the kilowatt name-plate rating < 8760 hr. 
Total operating costs are shown for both maintenance schedules 
and the three selected capacity charge rates, 0, 50, and 100 per 
cent. In all cases the cost of operating the battery boiler system 
that is, plant A, was found to be the highest and therefore this ar- 
rangement was used as a basis for comparison. The savings over 
the cost of operating plant A are shown for the other three plants. 


CoMPARISON OF PLANT OPERATING Costs 


The curves drawn in Figs. 1, 2, and 3 offer a means of comparing 
the plants from the standpoint of total operating costs. These 
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NO_CAPACITY_CHARGES 50 PER CENT CAPACITY CHARGES 100 PER CENT CAPACITY CHARGES 


700,000 


600,000 


$00,000 


PLANT C—UNIT SYSTEM WITH CROSSOVER 
400,000 *) 


PLANT G-UNIT SYSTEM WITH GROSSOVER 


300,000 
PLANT B-UNIT SYSTEM—NO GROSSOVER 


BATTERY BOILER SYSTEM—DOLLARS 


200,000 


ANNUAL SAVINGS OVER GOST OF OPERATING 


100,000 


50 60 70 80 50 60 70 80 50 , 60 70 80 


ANNUAL PLANT FACTOR-PER CENT 
(a) (b) (c) 


Assumed maintenance Schedule A—5-week triannual turbine overhaul 
Using only single shift 2-week annual boiler overhaul 5 
11/2-week annual boiler inspection 


Fig. 1 Borzer-TurBINE ARRANGEMENT COMPARISON—MAINTENANCE SCHEDULE A 
(Each arrangement has four 100-mw turbines and boiler capacity as shown in Table 1. Assumed coal cost 25.8 cents per million Btu.) 


NO CAPACITY CHARGES 50 PER CENT CAPACITY CHARGES 100 PER CENT CAPACITY CHARGES 


700,000 


500,000 


PLANT B-UNIT SYSTEM-NO CROSSOVER 
400,000 


PLANT G-UNIT SYSTEM WITH CROSSOVER 


300,000 


200,000 


ANNUAL SAVINGS OVER COST OF OPERATING 
BATTERY BOILER SYSTEM-DOLLARS 


100,000 


50 50 60 70 80 


ANNUAL PLANT FACTOR -PER CENT 
(o) (b) (c) 


Assumed maintenance Schedule B—2!/2 week triannual turbine overhaul 
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Fic. 2. Borzer-TuRBINE ARRANGEMENT COMPARISON—MAINTENANCE SCHEDULE B 
(Each arrangement has four 100-mw turbines and boiler capacity as shownin Table 1. Assumed coal cost 25.8 cents per million Btu.) 
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Fig. 3 Borter-TurRBINE-ARRANGEMENT COMPARISON; Errect or Coat Costs oN RELATIVE 
PositTIons oF ARRANGEMENTS UNDER CONSIDERATION 
(Assumptions: 50 per cent capacity charges; 70 per cent annual plant factor.) 


curves show the effect of including capacity charges, of varying 
the annual plant factor, of shortening the maintenance time on 
boilers and turbine generators, and of varying the coal costs. In 
drawing these curves, the unit-system plants, with and without 
the crossover, and with reheat, are compared with the cost of op- 
erating a battery boiler plant. 

For example, it might be concluded that the new plant would 
operate under the following conditions over its useful life: 


1 Maintenance schedule A. 

2 Capacity charge, 50 per cent. 

3 Annual plant factor, 70 per cent. 

4 Coal cost, 25.8 cents per million Btu. 


Fig. 1(b), which presents curves based upon these assumptions, 
shows that the operating costs for a reheat installation would be 
$135,000 less per year than the annual costs for a 1300-psi 950 F 
unit system with no reheat. Over a 35-year period, which might 
represent the minimum life of the equipment from an obsolescence 
standpoint, this saving would amount to $4,725,000. In compar- 
ing the costs of plants B and C, which should reflect the added 
cost of the crossover and larger boilers, it appears that the instal- 
lation of a unit system could not necessarily be justified on the 
basis of economics alone, as the saving is only about $13,000 per 
year. The choice between these two designs might be decided on 
the basis of operating flexibility, or possibly the difference in the 
total investment. 

Effect of Capacity-Charge Variation. Including capacity 
charges in the comparison of two plant designs favors the plant 
with the highest availability. This relationship is clearly shown 
in Fig. 1 wherein plants B and C are compared for 0, 50, and 100 
per cent capacity-charge rates. When no capacity charges are 
assessed, plant B, unit system without crossover, has a significant 
advantage over the unit system with a crossover installation, 
plant C. The relative position of the curves for these two plants 
is reversed, however, when 100 per cent capacity charges are in- 


cluded. In Fig. 2, where maintenance schedule B is in effect, the 
savings curves for plants B and C tend to come together as capac- 
ity charges are included, but do not reverse positions. The vari- 
ation in the effect of including the capacity charges results from 
the difference in availability under the two maintenance sched- 
ules. 

The curves for plant B, for instance, tend to become horizontal 
as the capacity-charge rate is increased, because the amount of 
generation transferred to low-economy equipment varies in- 
versely with capacity charges. 

Effect of Annual Plant-Factor Variation. As the annual plant 
factor for a comparatively low-availability installation, such as has 
been assumed in plants B and D, is increased, the amount of 
generation transferred to low-economy machines must be in- 
creased. This means that increasing the annual plant factor re- 
duces the savings for unit-system plants. In the case of the high- 
economy reheat plant, the loss of savings due to generation trans- 
fer is more than offset by fuel savings at high load factors. This 
accounts for the divergence of the curves for plants B and D in 
Figs. 1 and 2. 

The reheat machines would probably have higher annual plant 
factors than the 1300-psi 950 F machines in the other plants, 
since the lower heat-rate capacity would carry more of the off- 
peak loads. A credit which would reflect the added coal savings 
made possible by a higher-use-factor reheat plant could be com- 
puted and included in the coal-cost calculations. This factor is 
not included, however, since the amount involved is relatively 
small and is dependent upon the questionable accuracy of long- 
term load growth and daily load-curve assumptions. On the 
other hand, if reheat machines are operated over any considerable 
part of their life at loads below 75 per cent of their name-plate 
rating, consideration should be given to possible reduction in ther- 
mal economy at such loads. 

Effect of Changing the Maintenance Schedule. Reducing the 
number of days the boilers and turbines are out of service for gen- 
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eral maintenance, improves the savings rate of all unit-system 
plants. This improvement is more pronounced in the case of 
plants B and D where equipment availability is low. The amount 
of time required for boiler overhauls and inspections has more ef- 
fect on the operating expenses of the unit-system plants than the 
time required for turbine maintenance. This conclusion is based 
upon an analysis of a third maintenance schedule which required 
double-shift boiler maintenance and single-shift turbine mainte- 
nance. Detailed calculations on this schedule have been omitted 
from this analysis to avoid complicating the presentation. 

The schedules for general maintenance of boilers and associ- 
ated auxiliaries are matters of individual preference resulting 
from operation of a variety of equipment. This is another of the 
factors on which a single value acceptable to the industry cannot 
be specified. 

Effect of Coal-Cost Variation. A change in cost of coal has a pro- 
nounced effect on the savings made possible in a reheat plant. 
Fig. 3, drawn for a 70 per cent annual plant factor and a 50 per 
cent capacity-charge rate, shows that the savings from a reheat 
plant increase sharply as the cost of coal increases. This increase 
occurs under both maintenance-schedule assumptions. The heat- 
rate savings in the reheat plant offset the loss of savings which is 
common to each of the unit-system plants. These small reduc- 
tions in savings which result in a slight negative slope of the 
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curves for plants B and C are caused by the increased cost of gen- 
erating the kilowatthours transferred to low-economy ma- 


chines. 
CONCLUSIONS 


In so far as conclusions can be reached on a partial study, it is 
evident that assignment of fixed charges where justified by mini- 
mum reserve capacity, may have a pronounced effect on the cost 
of operation of the four types of plants considered. Likewise, 
variation in annual plant factor, single or double-shift mainte- 
nance, and increase in coal cost all have a significant influence on 
the annual operating cost. 

Figs. 1, 2, and 3 are based upon the substantial savings to be 
realized by the unit system, the unit system with crossover, or the 
reheat installation as compared with the battery boiler system. 
It is believed that the trend toward the unit system can be ex- 
plained in part at least by this comparison. 

The reheat installation appears favorable economically in all 
cases, although if 100 per cent capacity charges are assigned, and 
annual plant factors of 60 per cent or lower are used, the savings 
in favor of reheat are considerably reduced. In this case, any ex- 
tra complexity in operation, possible reduction in coal cost, or 
long-time partial-load operation at less than 75 per cent name- 
plate rating, would militate against a reheat installation. 


Selection of Steam Conditions for No. 4 Unit— 
Riverside Generating Station 


By R. C. DANNETTEL'! anp G. S. HARRIS,? BALTIMORE, MD. 


In the summer of 1948, the Consolidated Gas Electric 
Light and Power Company of Baltimore ordered a 75,000- 
kw-capability, 3600-rpm, straight-condensing unit for in- 
stallation as No. 4 Unit in its Riverside Generating Station. 
This selection was made after consideration of units both 
for straight-condensing and reheat cycles and was based 
upon judgment that the nonreheat unit should be more 
economical in total dollar costs to the company during the 
life of the unit. 


N THE summer of 1948, the Consolidated Gas Electrie Light 
and Power Company of Baltimore ordered a 75,000-kw-ca- 
pability, 3600-rpm, straight-condensing unit for installation 

as No. 4 Unit in Its Riverside Generating Station. It is expected 
that this machine will be placed in operation in the fall of 1951. 
Design throttle steam conditions of 1450 psig, 1050 F were se- 
lected after consideration was given to the following sizes of units 
and operating conditions: 


66,000-kw capability, 850 psig, 900 F 

75,000-kw capability, 1250 psig, 950 F, 
with reheat to 950 F 

75,000-kw capability, 1450 psig, 1000 F, 
with reheat to 1000 F 

75,000-kw capability, 1450 psig, 1050 F 


In the study leading to the final selection, the 850-psi unit was 
used as a measuring stick. The company has in operation four 
60,000-kw, 850 psi units which were ordered in the period from 
1939 to 1946, and which represented the economic selection for the 
coal market and equipment market of that period. When the 
first of this series of units was placed in service at Westport Sta- 
tion in 1941, the fuel cost per million Btu and construction costs 
were such that it was not economical to spend additional money 
for improvement in heat rate. By 1948, however, the cost per 
million Btu had practically doubled, and construction costs had 
increased sufficiently to warrant a careful reconsideration of the 
most economical steam conditions. 

As a unit with 75,000-kw maximum capability could be accom- 
modated by the system, the study centered around a “preferred 
standard” 60,000-kw unit with 66,000-kw capability for 850-psig 
900 F steam conditions, and three alternative arrangements em- 
bodying 60,000-kw, nominally rated, 75,000-kw, maximum-capa- 
bility units both for straight-through condensing and reheat cy- 
cles. 


CoNSTRUCTION-CosT ESTIMATES 


The first step involved the preparation of construction-cost es- 
timates. These were carefully made by bringing up to date the 
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actual costs of preceding units in the station and substituting cur- 
rent bids for those items affected by change in size and heat, bal- 
ance. The result was somewhat surprising since it indicated a 
spread of less than 2 per cent in the cost per kilowatt of capability. 
The 1250-psig 950/950 F unit showed the lowest installation cost 
per kilowatt of capability with the 1450-psig, 1050 F, straight- 
condensing unit a very close second. The 1450-psig 1000/1000 
F design showed the highest installation cost. Fixed charges 
were of course in the same order. Computation of fixed charges 
included consideration of return on the investment, depreciation, 
property taxes, and income taxes based upon three methods of 
financing the project, that is, by bonds, by stock, and from sur- 
plus. 


OPERATING Costs 


The next step was an investigation of operating costs. The heat 
rates showed a wide range with the 1450-psig 1000/1000 F design 
about 12!/, per cent better than the 850-psi unit. There were, 
however, a number of corollary problems to be disposed of before 
operating costs could be set down in terms of dollars per year. 

The question of operating labor proved to be easy to solve since 
it is not planned to augment the operating force at the station 
to take care of this unit, regardless of its size or steam condi- 
tions. 

Perhaps the most difficult problem in the determination of oper- 
ating costs was the selection of annual generation on which to 
base fuel costs. It was realized that load-duration curves would 
be of little value since, with units differing somewhat in capabil- 
ity, the load-duration curves would have corresponding differ- 
ences. The matter was settled by arbitrarily using 6000 hr opera- 
tion at 66,000 kw for all units. 

The cost per ton of fuel is of course a variable and was handled 
by computing the annual fuel cost for each unit over a wide range 
of fuel prices. 

In order to combine all of these factors and find a parameter for 
comparison of the units, a curve sheet, Fig. 1, was prepared with 
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Fig. 1 Costs To Own AND OprraTe No. 4 Unit RIVERSIDE 

the cost to ‘own and operate’’ plotted as ordinates and with the 
cost of coal in dollars per ton as abscissas. The cost to own and 
operate was, for the purpose of this study, considered to be the 
sum of fixed charges and fuel costs. Because of the annual genera- 
tion selected, the fixed charges for the 75,000-kw units were re- 
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duced proportionately to 66,000 kw for comparison purposes. 
The coal cost in dollars per ton can be interpreted as the cost of 
coal delivered to the bunker The cost of coal at the time the 
study was made amounted to about $8.50 per ton. It was found 
that with the cost to own and operate approximately $3,000,000 
per year, there was a spread of about $180,000 or about 6 per cent, 


Fig. 2. The highest cost was for the 850-psig 900 F unit; the 
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Fig.2 Comparative Costs aNp Heat Rates No. 4 Unit RIVERSIDE 


lowest cost was for the 75,000-kw, 1450-psig 1000/1000 F unit. 
The annual cost to own and operate the 75,000-kw, 1450-psig, 
1050 F straight-condensing unit was computed to be about 
$24,000 above that of the 1000 F reheat unit. 

The difference in cost to own and operate was considered to be 
within the limits of accuracy of estimating and led to the opinion 
that the 1450-psig 1050 F, straight-condensing unit, and the 1450- 
psig 1000/1000 F unit could be considered on the same basis 
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in so far as total expense for fuel and fixed charges was concerned. 
The final selection then rested on judgment as to availability, re- 
liability, and maintenance. 


AVAILABILITY, RELIABILITY, AND MAINTENANCE 


The control gear for a reheat unit is sufficiently complicated to 
lessen reliability somewhat; the unit could not so readily adapt 
itself to the sudden changes in load which may be expected with 
system disturbances; and the unit could not be used to regulate 
frequency on the system. The multiplicity of piping and controls 
to and from the reheat turbine might well add to station mainte- 
nance. ‘Two superheaters and superheat controls would be 
needed. . For the Riverside unit, where the selection of the boiler 
was influenced by the obvious savings in engineering costs made 
possible by duplicating the furnace and mill arrangement of other 
units in the station, one of these controls would be a spray desu- 
perheater which has undesirable features. The gains from reheat 
are doubtful during the light-load operation which can be ex- 
pected as the unit ages. Steam and fuel would be wasted at times 
to protect the reheater from overheating. 

The nonreheat unit has a single superheater and control and a 
minimum of high-temperature piping and valves. The use of 1050 
F presents no serious metallurgical problems. This plant should 
require less maintenance than a reheat unit and should therefore 
be less expensive to operate. 

In comparison with reheat units, the 1450-psig, 1050 F-straight- 
condensing unit should be simpler to install and operate; with 
less controls should be more reliable and available; should be 
more adaptable during system disturbances and for frequency re- 
gulation; and, considering maintenance and probable light-load 
operation, should be more economical in total dollar costs to the 
company during the life of the unit. 


A Comparison of Costs of Reheat Versus 
Nonreheat for 100-Mw Units 


By R. P. MOORE,! BUFFALO, N. Y. 


This paper analyzes the differences in cost of the various 
elements of a steam-electric power plant, as affected by 
choice of the reheat or nonreheat cycle applied to units of 
about 100,000-kw capability. 


NY economic study, the object of which is to ascertain 
whether or not the use of the reheat cycle in a proposed 
steam-power-plant development is justified, necessarily 

must start with differences in capital investment. These then can 
be compared to the improvement in plant efficiency to be ex- 
pected from the use of reheat. 

The author does not attempt, in this study, to cover all possible 
combinations of size of unit, plant arrangement, pressures, tem- 
peratures, and the like. The data contained herein, while pre- 
sented in as general a form as possible, are based upon units of 
100-mw capability in a single boiler- single turbine arrangement 
with throttle steam at 1450 psig, superheated and reheated to 
1000 F. The reheat turbines are reverse-flow, double-flow, single- 
shaft, tandem-compound units for 3600 rpm, with bleeding for 
regenerative heating. They are compared to nonreheat units of 
similar arrangement, except that the steam passes straight 
through from throttle to condenser. The fuel is pulverized 
bituminous coal. Mechanical dust collectors are used. 


Cost ELEMENTS OF REHEAT CYCLE 


The use of reheat affects the original cost of various parts of a 
steam-electric power plant in different ways. If it is assumed that 
the capability of the plant is to be the same whether the cycle is 
reheat or nonreheat, then the boiler plant and parts pertaining to 
it, excepting the boiler itself, would cost less. This is a direct re- 
sult of the improved fuel economy. Certain other parts would 
cost even less than is indicated by the improvement in cycle 
efficiency. These are the parts carrying the cycle fluid, such as the 
feedwater system and the condensing system. The generator and 
the main bus and switch structure are unaffected by the choice of 
cycle. Finally, there are parts that cost more. Table 1 divides 
the main items of a plant into these four categories. 

Opinions will differ as to the category in which some of the 
items should be placed. Certainly all of the items in any one of 
the groups will not follow exactly the same formula in figuring 
differences in the cost of equipment for the two cycles. A few 
examples will serve to illustrate. 


1 Most pieces of equipment are built in standard sizes. Re- 
ducing the fuel requirements by adopting reheat may or may not 
permit the use of a smaller-size pulverizer, for instance. If it 
does, the step in cost may be greater than the step in required 
capacity. It is believed that plus and minus errors of this nature 
will essentially balance each other. 

2 If the plant or unit under consideration is an extension of 
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existing facilities, there may be a number of items which, though 
they otherwise might be reduced in cost, must be extended as 
previously installed, without having advantage of savings possible 
in a new project. 

3 Table 1 shows the condenser in the category, the size of 
which varies approximately with the heat rejection. However, 
the flow of steam through the last wheels of a reheat turbine is so 
much less than that through the corresponding nonreheat ma- 
chine (if the same-size wheels are used) that the reheat turbine 
possibly can make better use of improved vacua and thereby 
justify a larger condenser than indicated by the flow. This, how- 
ever, would seem to be a subject for a separate study involving, in 
addition, triple versus double flow. 


TABLE 1 PLANT COMPONENTS FOR COST ESTIMATING 


I Parts of a plant which vary in size generally inversely with cycle 
efficiency 


Dust collectors 

Ash disposal 

Boilerhouse structure 
Auxiliary electrical equipment 


Coal storage 

Coal handling 
Fuel-burning equipment 
Fans and ducts 


II Parts of a plant which vary more in size than efficiency would indicate: 
(A) Generally directly with the flow of cycle fluid: 


High-pressure steam pipe 
Condensate and boiler feed pumps 
Condensate and feedwater piping 
Bleeder heaters and piping 


(B) Generally directly with heat rejection to condenser: 


Condenser 

Circulating water pumps 
Intake and discharge flumes 
Screening equipment 


III Parts of a plant which are affected little, if any, by cycle efficiency: 


Electrical structures 

Evaporators 

Feedwater treatment 

Offices, locker rooms, shops, 
and administration space 


Land and improvements 
Generator and main trans- 

former and connections 
Metering and controls 
Turbine hall 


IV Parts of a plant which cost more for reheat than for nonreheat, capa- 
bility of unit remaining the same: 


Turbine 
Boiler 
Reheat piping 


GAIN IN Economy or REHEAT 


Messrs. E. E. Harris and A. O. White? have shown that, for re- 
heat pressures below 500 psia, the per cent gain in economy of 
reheat over nonreheat is 5 or better. Their figure? can be used for 
the purposes of this paper. The reduction of cycle fluid flow at 
full capacity is 16.4 per cent and of the heat rejection to the con- 
denser 8.7 per cent, all other conditions, except for reheat remain- 
ing the same. 

An examination of cost data on plants of the size described, both 
under construction and recently completed, reveals that at the 
present time the cost of those items listed in category I, Table 1, 
totals about $22.50 per kw of capability. For category II(A), 
Table 1, the total cost is $8, and for II(B) $7.50 per kw of capa- 
bility. These figures apply to nonreheat units. The cost of items 
in category III have no effect upon this discussion. For category 
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IV, the difference in cost between reheat and nonreheat units is 
approximately $3.88 per kw of capability. 

The cost of power-plant equipment does not vary directly as its 
size, generally speaking. A machine having 10 per cent greater 
capacity than another does not cost 10 per cent more. Experience 
shows that a factor of about 0.7 applied to the difference in capac- 
ity will express the difference in cost. In other words, the 
machine having the 10 per cent greater capacity should cost 
approximately 1.07 times as much. This factor varies from 0.65 
to 0.75, but experience indicates that 0.7 is a good figure for 
estimating purposes. Authority for it is not readily found outside 
of price books and quotations, but an article by Alfred Iddles* 
substantiates the figure. 

Applying these data to the difference in cost between reheat 
and nonreheat the ledger stands as follows: 


Credits: 


For items in category I (Table 1) 
22.50 X 0.05 X 0.7 = $0.79 per kw 


3 “Planning New Capacity,’’ by Alfred Iddles, Electrical World, vol. 
105, 1935, pp. 983-986. 


For items in category II(A) 
8.00 X 0.164 X 0.7 = 0.92 

For items in category II(B) 
7.40 X 0.087 X 0.7 = 0.45 


Totalicreditsormeheaty.\ycme ea eee eet eee $2.16 per kw 
Debits: 

For items in category IV $3.88 

Total charges fOrmmreheat= seu ee Ae SOO 

Net: charge for reheat. 52 9. s oe eee eee $1.72 per kw 


These figures apply only to new locations where presumably all 
possible savings can be made. 

With coal costing $7.50 per ton of 2000 lb, and a coal rate of 0.8 
lb per kwhr and 5000 hr per year use (57 per cent capacity factor), 
the saving per year using reheat instead of nonreheat would be 
$0.75 per kw per year. After allowing 10 per cent for interest, in- 
surance, and taxes, there remains $0.58 which would write off the 
additional cost in 3 years. Even if coal cost only one half as 
much, the writeoff can be accomplished in 8 years if the capacity 
factor averages 57 per cent. No allowance is made for additional 
operation or maintenance as the author feels that none will be re- 
quired. 


General Discussion of Reheat Papers 


Lovis Exxiorr.!' Noting the decisions reached as to reheat 
versus regenerative cycle, in designing steam plants, and without 
knowing detailed conditions and special methods of reasoning, it 
sometimes appears that one engineer wants reheat and recom- 
mends it, for a relatively small turbine and moderate fuel costs, 
and another does not like reheat and rejects it, although the tur- 
bine in question is a large unit and fuel costs are relatively high. 
However, in most or all cases, a careful study is given to the 
economics of the cycle to be selected, as is evidenced by the three 
papers on this subject.% 34 

Considering that the use of reheat is one of the most important 
methods of improving steam-plant efficiency, aside from utiliza- 
tion of higher steam temperatures, the decision as to cycle is an 
important one, and warrants the closest attention. It is neces- 
sary, in arriving at a rational conclusion, to determine with some 
completeness the character of major equipment that would be 
used for the regenerative- or reheat-cycle plant, and obtain close 
estimates of cost. These estimates should of course include all 
elements in which there is a significant difference in investment. 
Similarly, careful study must be given to relative efficiencies, 
again taking into eonsideration all elements showing significant 
differences, and making sure that for each cycle the plant design 
and operation are quite thoroughly worked out. 

It happens that no recommendation to a client, in which this 
discusser has been involved, has specified a reheat installation. It 
may be that this results from the fact that most of the turbine 
units have been in the moderate or smaller sizes, and that fuel 
costs on clients’ properties have frequently been much lower than 
those prevailing in the North and East. Recommendations as to 
plant cycle have been made for a large number of turbines of the 
magnitude of 60 mw nominal rating—which have indeed been 
bought for clients in larger numbers than any other one size. 

Ordinarily, the estimated saving in production costs, effected 
by the use of reheat, is expressed as a percentage of incremental 
investment for the reheat design. To justify reheat, percentage 
return on increase in investment should be somewhat higher than 
the normal assigned for charges on cost of station as a whole. In 
the first place, depreciation of a boiler plant is higher than the 
average on the entire station. In addition, a reheat plant in- 
volves greater complication, perhaps slightly greater expense 
for operation and maintenance, and possibly some little penalty 
in reliability. 

With respect to magnitude of fixed charges, the papers under 
discussion show a wide range in allowances made—from 10 to 15 
per cent—for all elements of fixed charges and taxes applying to 
power-station investment. It is now general practice to include, 
as an element of fixed charges and taxes, an allowance for federal 
income tax, and state income tax, if any, which must be earned 
before net return. Federa] income tax may frequently be figured, 
conveniently, as a percentage of investment. It is usually neces- 
sary to obtain from management estimates or information on the 
following: Cost of money, or desired return; average proportion 
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of total capital that will be borrowed; average interest rate to be 
paid on borrowed capital; method of accounting for depreciation 
or amortization; life of plant or period of amortization to be as- 
sumed; ad valorem or other local taxes. Some of these data can-be 
obtained from annual financial reports, but as the percentages re- 
quired are those that may obtain through life of property or 
period of amortization, a new approach is desirable. With such 
basic values established, an equivalent constant percentage may 
be taken from annuity tables, covering cost of money plus al- 
lowance for depreciation or amortization. 

The general subject of station design as affecting magnitude of 
reserve or system reliability, together with the economics of re- 
heat, were discussed in the Wagner-Hartwell paper.? Engineers 
should appreciate the careful analysis of the influence of plant de- 
sign on system reserves and reliability. The mathematical proc- 
ess, based upon a mass of outage data and the long and consistent 
history of operation in large cities, certainly give interesting re- 
sults, developing the effect of such elements as cross-connection of 
steam generators and provision of reserve boiler capacity in a 
large installation. 

However, the writer is inclined to feel that, for the usual power 
system, the long-time influence of differences in design on magni- 
tude of reserves required may be exaggerated. Indeed, it appears 
that in a good many cases undue stress is laid upon the highest re- 
liability of utility plants, and that continuity of service is ‘“‘over- 
sold.”” While New York and other great cities doubtless do call 
for special treatment, for the smaller cities and for interconnected 
systems covering large territories, it appears that adherence to a 
mathematical standard for reliability may be unwarranted. 

Almost all the recommendations for plant design in which the 
writer has been involved have called for one steam generator per 
turbine generator, with no interconnection between boilers; this 
has applied to units up to 100 mw in size. There are tangible and 
intangible values in simplicity, and, aside from saving in invest- 
ment cost, there is an element of ruggedness and reliability in the 
avoidance of steam and water interconnections. 


G. A.Taytor.’ We have given a great deal of study to the Hart 
well-Wagner paper? and have found that study very well worth 
while. The writer, with others, has set up a method of evaluat- 
ing power-plant equipment that is very complete and has many 
unique features. We believe that this method can be used ad- 
vantageously by all of us, but we must keep in mind that there 
are many conditions peculiar to each system. Care must be 
taken to evaluate these conditions properly. 

The authors state that better thermal economy of the reheat 
installation is reflected in smaller boilers, ete. The boilers are 
smaller when rated in pounds of steam per hour. The boilers 
are about 5 per cent smaller when rated by heat input. We have 
found that the size of the reheat boiler is almost the same as the 
size of a nonreheat boiler for the same pressure and temperature, 
other conditions being equal. Since the heat input to the reheat 
boiler is about 5 per cent less than the heat input to the non- 
reheat boiler, the firing equipment can be slightly smaller, the 
furnace can be 5 per cent smaller, but the superheater and re- 
heater require much more space than the superheater on a non- 
reheat boiler. With all other design factors being equal, our ex- 
perience shows that the cost of a reheat boiler is about 5 per cent 
more than the cost of a nonreheat boiler. This was brought out 
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previously by Messrs. Rowand, Raynor, and Gilg. We believe it 
is very important when comparing reheat to nonreheat boilers to 
keep all other design factors the same. 

Boilers are being bought today for comfortable operation with a 
minimum of man power. It appears that for schemes “A” and 
““C” of the paper consideration should be given to the possibility of 
using the short-time overload capacity of the boilers when one 
boiler is out of service. The use of this overload capacity might 
mean that more man power would be required to keep the heating 
surfaces clean but it might be worth while. 

The 12 per cent difference between the summer and winter 
peak loads is an interesting bit of data and certainly makes it 
evident that more spare capacity on the system will be required 
now than in the past. This condition of course would be most 
troublesome to those systems that use old and inefficient generat- 
ing equipment as stand-by for the modern equipment. We be- 
lieve it will be necessary for the engineers making a study similar 
to this on any specific system to estimate the cost of power 
generated by the old equipment. On many systems the ‘“‘capac- 
ity-charge” method of calculation would result in error because of 
the very high cost of stand-by power. It also can be true when 
power is purchased. We have. observed that depending upon 
purchased power can be very dangerous because when one power 
system is operating at high load the power systems from which 
power can be purchased are also operating at high load and may 
not have any surplus available. 

One feature of the battery boiler system is disturbing to us, that 
is, the thermal stresses set up in the main steam header whenever 
a boiler is cut into service. We can visualize 650 F steam being 
turned into a header, the temperature of which is between 950 F 
and 1050 F. We would like to suggest that the designers provide 
some protection against such thermal shocks. 

This paper? brings out very forcibly the fact that rating boilers 
in thousands of pounds of steam per hour is no longer satisfactory. 
Not many years ago the practice of rating a boiler in “horse- 
power” was satisfactory until increased pressures and steam tem- 
peratures made this method inadequate and caused us to go to 
rating boilers in thousands of pounds of steam per hour. The 
popularity of reheat cycles with high pressures and temperatures 
has now made it necessary for us to start using another yardstick. 
We should begin to think of “heat input,” ‘heat output,” or 
“megawatts” when thinking of the capacities of modern boilers. 


E. E. Harris.’7’ R. P. Moore’s paper! states, ‘“This paper ana- 
lyzes the differences in cost of the various elements of a steam- 
electric power plant, as affected by choice of the reheat or non- 
reheat cycle applied to units of about 100,000-kw capability.” 

It appears that the author’s approach is a more logical method 
for determining the costs between a reheat and a nonreheat sta- 
tion. He attempts to evaluate only the differences between two 
such plants. 

In his Table 1 various parts of a power station have been 
placed in different classifications, depending upon how the cost 
of these parts varies. Some equipment changes cost due to a 
change in heat consumption, while other equipment changes cost 
due to a change in liquid flow. Other parts do not change cost by 
changing heat consumption or cycle flow. There is an increase 
in cost for the turbine and boiler, with an additional charge for 
reheat piping. 

In Table 1, Section II-A, Bleeder Heaters and Piping, it would 
be inferred that the cost of these would be reduced directly with 
the flow of the cycle fluid. The heater and the extraction piping 
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next below the reheat point may increase in cost due to higher- 
temperature steam to this heater than would be obtained for a 
nonreheat unit. This additional cost may be of small magnitude. 

Table I, Item IJI—Metering and Controls—probably would 
cost more for the reheat installation. The turbine hall, depend- 
ing upon the arrangement, may cost more due to the increase in 
length of a reheat machine over a nonreheat unit. Evaporators 
may cost less, as well as the feedwater-treatment apparatus. If 
these items in Section III balance out to zero differential in cost, 
then they do not enter into a cost difference between reheat and 
nonreheat. 

The paper states, ‘(Net charge for reheat $1.72 per kilowatt.” 
This addition is based upon costs assigned to the various items in 
Table 1. If they represent average costs, then $1.72 per kilo- 
watt corresponds to between 1 and 2 per cent additional cost for a 
reheat station over a nonreheat station. Such an increase in cost 
for the reheat station compared with the gain in economy obtained 
by reheating makes reheating appear very favorable. 


E. H. Krizc.2 At the 1948 Annual Meeting of the Society, an 
outstanding group of papers was presented which discussed the 
engineering aspects of the reheat cycle quite completely, with the 
exception of its economic aspects. Desiring to present a few 
thoughts on the economics of reheat from the stockholders’ or 
management’s viewpoint while interest was still warm, and to sup- 
plement the data given in ‘“Comparative Costs of Resuperheating 
Installations,”’® Mr. Stanley Stokes and the writer prepared a 
paper, ‘Union Electric Finds Attractive Return in Reheat.’’! 
Some of the points therein bear reiteration when discussing the 
present papers.2% 4 Engineers will welcome these good papers 
on economics, for no engineering study can be complete without 
justification of the proposed investment. 

We agree with the conclusion reached in R. P. Moore’s paper,‘ 
that, although a plant designed for the reheat cycle costs more, 
its adoption is justified in many cases. This discussion is in- 
tended to amplify that conclusion. 

The Hartwell-Wagner paper? mentions the often forgotten con- 
cept that to justify interconnected boilers, extra capacity is re- 
quired either in the form of an extra boiler or larger boilers. 
The hours per year when the interconnection would be used may 
prove to be too small to justify the interconnection otherwise. 
The paper? does not mention that availability of battery boilers 
is sometimes adversely affected by the sectionalizing valve (or its 
by-pass) in the interconnecting steam and water lines. When a 
boiler or turbine is down and steam or water leaks into it from the 
adjacent active unit, a total of two units must come off. The 
writer wonders if Mr. Steinberg assumed!! that valves always re- 
main tight and never need maintenance, with consequent outage 
of two boilers instead of one, or possibly two turbines instead of 
one. The question is: Won’t the valves in the several.intercon- 
nections cause almost as many lost kilowatthours over 30 years as 
they will save? We have many data on turbine availability, but 
little on the effect of valve tightness on availability other than the 
recollection of operators of specific cases. There is a need for 
some factual data on such cases. 

Messrs. Dannettel and Harris’ state: ‘When the first of these 
series of units was placed in service at Westport Station in 1941, 
the fuel cost per million Btu and construction costs were such that 
it was not economical to spend additional money for improve- 
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ment in heat rate. By 1948, however, the cost per million Btu 
had practically doubled, and construction costs had increased 
sufficiently to warrant a careful reconsideration of the most eco- 
nomical steam conditions.” It is admittedly difficult to do go, 
but power-station design should not be concerned with present 
fuel costs but with the cost of fuel 16 years from now, that is, the 
average of the 3 to 33-year period hence. 

Metallurgically, there are such meager long-term data on the 
characteristics of certain steels at 1050 F and over that some 
speculation attends their use at the present time. The incre- 
mental dollar savings do not always appear to balance the in- 
cremental headaches. 

In the paper by Messrs. Dannettel and Harris,’ could not a 
more direct comparison between reheat and nonreheat costs be 
made for approximately the same thermal performance, e.g., 1450 
psi, 1050 F compared with 1250 psi, 950 F/950 F reheat? The 
paper admirably presents the small cost difference between re- 
heat and nonreheat: ‘The result was somewhat surprising indi- 
cating a spread of less than 2 per cent in the cost per kilowatt of 
capability.” 

Availability might be better served with 950 F reheat cycle 
than for a 1050 F straight-through cycle, because in one study it 
was noted that the former enjoyed a lower furnace-gas exit tem- 
perature which should give less slagging. This is especially im- 
portant with strip coal. 

It is regretted that the effect of system interconnections seems 
to be omitted from many studies. Load factor of a unit is a 
function of how that unit serves an integrated group of systems 
on which there are usually some low-efficiency units for taking 
low load factors, giving new units better load factors. When 
engineers expect the load factor of a new unit to decrease in the 
future, that decrease will not take place unless more efficient units 
are installed. 

Reviewing the issues developed thus far, the enigma of reheat 
is not the mere estimation of investment costs nor return on the 
investment, Rather, much of the problem or the enigma ap- 
pears to be one of “futures” in coal and labor. The present price 
of coal‘has no bearing on the problem because the proposed plant 
does not begin to burn coal until some 3 years after the decision 
has been made to build the plant. Then, if the amortization pe- 
riod is 30 years, the coal price between 3 and 33 years from now is 
all that is significant—similarly for labor costs. What fuel will 
cost in the future has a greater effect on the choice of cycle than 
whether one cycle is 5 per cent more efficient than another. It 
seems too bad that, relatively, so little attention is focused on 
actual past and probable future fuel costs in journals devoted to 
power plants. Perhaps some enterprising power-industry publi- 
cation will favor us with regular fuel-cost forecasts needed by 
power-plant engineers. A great deal of attention, perhaps too 
much, is given to calculating the difference a few Btu may make, 
using existing costs without proportionate attention being given 
to what future fuel costs may be. 

Even this is not the whole story, for the effect of a higher coal 
price during the early years is of far greater significance than dur- 
ing its later years. During the first 5 years the load factor of the 
plant will certainly be high, and a high fuel cost then will produce 
a large return. But during the 25 to 30-year-old period when a 
low load factor may well be the case, a low fuel cost means little, 
for the earnings made during “boyhood” will support its “old 
age.” If an inefficient plant is built today, its future fate inevi- 
tably will be low load factor; interconnection contracts will take 
care of that. The better the performance that is designed into 
today’s plant, the less will it be backed off by future plants. 

No two people can agree on what coal prices will be during the 
next 33 years, and it is anybody’s right to estimate or speculate 
on what they will be. At the risk, or rather with the certain 
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knowledge that others will disagree, this slant on future coal 
prices may have some guidepost value. 


W. F. Ryan.’? No matter which set of assumptions is used, the 
Messrs. Hartwell and Wagner? find an annual saving of about 
$130,000 for a unit system with reheat (Plan D) compared with a 
nonreheat unit system (Plan B). The maximum differential is 
$137,000 and the minimum $126,000 per year. This is the net re- 
turn, before income taxes, on an increment investment of $1,861,- 
000. 

A factor which should not be overlooked is that, assuming regu- 
lated and limited net profits for the utility, the $130,000 more or 
less reduction in annual production expense represents an ultimate 
saving to the customer on his energy charge, while the $1,861,000 
added investment represents an increase in his demand charge. 

Some of us can remember the “great depression” when power 
customers whose markets had evaporated, and whose gross in- 
come had shrunk in proportion to sales, refused to understand 
why the power company demanded so much money for such 
small amounts of energy. Those of us who remember those days 
might hesitate to accept this return on what is ultimately an in- 
crease in demand charge. We remember that when a customer is 
using a lot of energy, he is prosperous and can pay for it. When 
he is not using much energy, he is hard up, and complains bitterly 
about paying for his previously established demand. 

The savings which accrue from the use of a unit system are as- 
signable to the demand factor, exclusively. Therefore it is not 
only a substantial saving, but it is a saving in the right place. 
We are indebted to the authors for so clear a demonstration of the 
advantage of unit installation. 

Under other conditions the case for reheat may be more con- 
vincing. For example, in dealing with larger units, the lowest 
cost undoubtedly will be obtained by installing the greatest capac- 
ity economically feasible on a single-shaft 3600-rpm machine. 
In this case capacity may be increased several thousand kilowatts 
by the use of reheat, effecting a substantial saving comparable to 
that shown in this paper? in production expense, and also in the 
unit capital cost of the plant. 


SaBin Crocksr.!% The authors are to be congratulated on 
contributing an excellent paper on a timely subject that warrants 
careful analysis. They have done well in offering an objective 
presentation of data concerning the relative availability of boiler- 
turbine units installed with and without crossovers. The paper 
affords a variety of factual data from which the reader can select 
the set that best suits his own conception of availability and 
what share of capital charges should be assessed against any loss 
thereof. 

One of the important facts brought out by the paper is the 
reduction in outage time obtained by using two-shift main- 
tenance instead of one shift. For the straight unit system with- 
out crossovers, this represents a gain in availability of 3.8 per 
cent as shown in Table 1. This gain in availability can be ob- 
tained at little expense for premium pay since only the controlling 
jobs of longest duration need to go on double shift; other jobs 
can be finished in time on one shift with a normal crew or by 
putting extra men on the one shift where more can work to ad- 
vantage simultaneously. 

With two-shift maintenance the authors show the difference 
in availability of the unit system with and without crossovers 
to be something less than 2 per cent which agrees with the ex- 
perience of operating companies that have had unit systems in 
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use for some time. In fact, the engineers of some operating 
companies contend that there is less outage without crossovers 
than with because the extra valves and other items associated 
with the crossovers and with operating the boilers in battery 
constitute an added source of outage. In any event the opera- 
tion of a boiler and turbine on the straight unit system without 
crossovers permits omitting the nonreturn valve as well as. two 
or more gate valves per unit. This results in a considerable 
reduction in pressure-drop losses and perhaps an ensuing saving 
in boiler cost together with the saving in cost of the valves and 
piping omitted. Furthermore the straight unit system permits 
a simplification of steam and feedwater controls and metering 
which both facilitates operation and reduces cost. Inasmuch 
as the authors have shown a difference in investment of $5.10 
per kw changeable to the crossovers plus some extra boiler 
capacity, the writer concludes that they have made due allow- 
ance for differences in piping, controls, and metering. Never- 
theless, more details concerning estimated differences in invest- 
ment would be helpful. 

Granting for the purposes of discussion that the authors were 
right in assigning about 2 per cent in round figures less availa- 
bility without the crossovers (see Table 1 for 96.0-94.2 = 
1.8 per cent), the writer would like to apply this figure in trying 
to analyze what it means as applied to an actual system. As- 
suming an existing name-plate rating of 1,700,000 kw for units 
installed on the electrical system, the addition of 400,000 kw 
would bring the installed capacity up to 2,100,000 kw. The 
last 400,000 kw, by assumption, would have an availability 2 per 
cent less without crossovers than if such had been provided. 
Thus for an addition of 400,000 kw, the loss of availability 
would be diluted to the following extent: 


400,000 X 2 per cent 
2,100,000 


A loss in availability of less than 0.4 per cent when spread 
over the system as a whole seems within the capability of exist- 
ing reserves to carry without installing more capacity on this 
account. Continuing the reasoning on this basis, it would be 
perhaps 15 to 20 years before the further dilution of availability 
due to adding successive units without crossovers could approach 
1 per cent loss in availability for the electrical system as a whole. 
This still remains a small figure with respect to other uncer- 
tainties to be considered in determining what constitutes reasona- 
ble reserve. 

Theoretically, on an electrical system having aggregate name- 
plate ratings of 2,100,000 kw, a difference, 0.4 per cent represents 
only 8400 kw which is a relatively small amount to obtain by 
way of assistance over an interconnection or, in a pinch, by tem- 
porarily reducing voltage or dropping nonessential load. From 
a practical operating standpoint, a loss in availability of this 
order is apt to mean that one of the new large boiler-turbine 
units without crossovers would be off the system at some remote 
time when full reserve for backing it up is not available. Ona 
system having units of various sizes it is to be expected that a 
smaller unit would be in reserve for this contingency which, plus 
about 8000 kw aid from a tie line, or as otherwise noted above, 
would tide things over. 


= 0.38 per cent 


Criosurs By R. W. Hartweu anp H. A. WAGNER 


The authors believe that Mr. Elliott is quite right in his state- 
ment that the reliability standards indicated in the paper may 
not be applicable to small power systems where continuity of 
service and other factors may differ materially from those con- 
sidered suitable for large systems. Such variables make it im- 
practical to apply the results of our analysis directly to another 
power system. 
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Mr. Taylor has raised an interesting point with reference to 
rating of boilers in terms of heat input or output rather than 
steam output. He is, of course, correct. To many engineers, 
however, the capacity of a boiler in terms of steam output con- 
veys a better appreciation of size, even though not strictly ac- 
curate, than heat input or output in million Btu. The authors 
agree, however, that we should begin to think in terms of heat 
rather than pounds of steam. 

Mr. Krieg’s discussion concerning the cost of coal over the life 
of the equipment is certainly pertinent. In stating, however, 
that the fuel cost over the first five years of a plant is the more 
important, some of the uncertainty of speculating on long-time 
coal costs is removed. Whereas the fuel purchaser will be ex- 
tremely hesitant about predicting the cost of coal for a 30 to 
40-year period, he probably would not be too hesitant in giving 
a figure for the next five years. The authors feel sure that Mr. 
Krieg would agree that the inability to predict the long-time coal 
cost should not be considered a reason to stop the quest for more 
efficient power plants. 

Mr. Ryan makes a very good point that the amounts of money 
involved in the several schemes differ greatly. It is entirely 
possible that a somewhat less efficient plant might prove a much 
better choice depending on future business and load conditions. 

Mr. Crocker correctly points out that small differences in 
availability are difficult to evaluate in terms of capacity. Where- 
as an increment of capacity considered individually might be 
considered too small to warrant a capacity charge, several of 
such increments, however, could add up to a capacity which 
could not be overlooked. Again, numerous factors require 
consideration as to whether a charge for small capacity dif- 
ferences is warranted on a particular system. 

The authors appreciate the comments made by the discussers 
of this paper. These comments represent an important addition 
to the information presented in the symposium on the economics 
of reheat power plants. 


CLosurE BY R. C. DANNETTEL AND G. 8. Harris 


The authors appreciate the helpful suggestions of the dis- 
cussers and, in general, agree with them. The importance of 
some of these points justifies further discussion for clarification. 

Mr. Elliott emphasizes that estimates should include “all 
elements in which there ‘is a significant difference in investment.” 
The surprising result in the authors’ investment studies was the 
small difference when all elements were considered as contrasted 
with the much larger spread of costs indicated by considera- 
tion of a few major elements. With respect to magnitude 
of fixed charges, the constant percentage used by the authors 
was determined by a staff member of the Company’s Economic 
Planning Committee who was familiar with the taxes, interest 
rates, and amortization rates mentioned by Mr. Elliott and who 
also was in a position to weigh the effects of stock-bond-surplus 
financing of the project. There is full agreement with Mr. El- 
liott’s comment “To justify reheat, percentage return on in- 
crease in investment should be somewhat higher than the norma] 
assigned for charges on cost of station as whole.”’ 

Mr. Krieg is correct in saying, “It is admittedly difficult to do 
so, but power-station design should not be concerned with 
present fuel costs but with the cost of fuel 16 years from now, 
that is, the average of the 3 to 33-year period hence.’ The 
authors based their computations on a study of the estimated 
average cost of coal for a 30-year period prepared by the Com- 
pany’s purchasing agent. Mindful of the severe changes in 
fuel costs between 1941 and 1948, and acknowledging the dif- 
ficulty of predicting future prices, the authors graphed their 
results with coal costs as abscissas (Fig. 1 in paper) to permit 
evaluation with wide latitude in estimates of future coal] cost. 


GENERAL DISCUSSION OF REHEAT PAPERS 


The authors agree with Mr. Krieg’s statements that the “prob- 
lem of reheat” appears to be one of “futures” in coal and labor 
with the further complication of future load factor. The graphs 
plotted against coal cost offer a partial solution to the first part 
of this problem by predicting in advance the effect of a wrong 
guess in estimating fuel cost. The second part is best answered 
by a composite load-duration curve including estimated effects 
of system interconnection and the progress of the manufacturers 
and the central-station industry in producing more efficient units 
in the future. A curve of thermal rates plotted against years 
shows clearly the achievements to date and promises better 
efficiency for future units; sound engineering dictates that each 
improvement be weighed as it becomes available and incorpora- 
ted in the system whenever a study of all elements of cost shows 
that its selection would result in greater over-all return to the 
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stockholders over the life of the unit. It may be of interest 
that a study conducted along these lines one year later than the 
one reported confirms the assumptions made for No. 4 Unit at 
Riverside and indicates similar general conclusions. 

Mr. Krieg is correct in stating that the 1450 psi, 1050 F, and 
the 1250 psi, 950 F/950 F cycles would have approximately the 
same thermal performance and should offer a more direct com- 
parison than 1450 psi, 1050 F compared with 1450 psi, 1000 
¥F/1000 F. The results of this comparison are shown in the 
graphs and indicate that the cycles with approximately the same 
thermal performance differ very slightly from each other in costs. 

The authors frankly admit that their computations show a 
small saving by use of the reheat cycle but are in full agreement 
with Mr. Krieg that “the incremental dollar savings do not always 
appear to balance the incremental headaches.” 
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Analysis of Experimental Data Regarding 
Certain Design Features of Pressure Vessels 


By G. J. SCHOESSOW! anp E. A. BROOKS,? BARBERTON, OHIO 


This paper presents an analysis of data obtained by 
strain-gage experimental stress analysis on drum heads 
and nozzle openings in drum shells. This analysis, while 
referred particularly to power boilers, is also applicable to 
other types of pressure vessels. The data obtained are 
reduced to dimensionless form so that they may be ap- 
plied to drums of other size and thickness but geometri- 
cally similar, and to illustrate more clearly the action of 
the drum in resisting pressure. The relationship between 
operating-stress level and the life of the vessel in service 
is discussed with particular reference to a drum that has 
given over 40 years of satisfactory service with an operat- 
ing-stress range over a considerable area of the vessel 
of approximately the ultimate strength of the material. 
The effect of prestress created in the vessel by overpres- 
suring, such as applying the 1!/.-times working-pressure 
hydrostatic test, is discussed. 


N A vessel of complicated shape subjected to internal pres- 

sure, the simple membrane-stress concepts do not suffice to 

give an adequate idea of the stress situation. Cylindrical 
shells are somewhat out of round, vary in thickness, and are 
pierced by openings. Their end closures tend to dilate radially 
at a rate different from that of the shell, they deviate from a true 
spherical shape, often markedly, and are themselves pierced with 
openings. These deviations from a true membrane shape set 
up bending in the vessel wall and cause the direct loading to vary 
from point to point. 

In the series of experimental stress analyses on pressure vessels 
whose technique has been reported by L. F. Kooistra and R. U. 
Blaser,’ resistance strain gages were bonded in opposite pairs to 
the inner and outer walls of the test drums. From the readings 
of these gages may be computed the stresses at the inner and 
outer walls. The direct stress on the wall at that point is given 
by one half the sum of the stresses inside and outside, while the 
bending stress is given by one half their difference. These direct 
and bending stresses, plotted over the vessel wall, give an excellent 
idea of how the vessel behaves under pressure. A somewhat 
better conception is obtained if, instead of stress, the actual 
loads and moments be plotted. The direct load is obtained by 
multiplying the direct stress by the vessel thickness; the bending 
moment, by multiplying the bending stress by one sixth the thick- 
ness squared. 

A plot of the distribution of direct loading and moment over 
the vessel surface would show how the vessel takes the loading 
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due to its internal pressure. The direct loading is diverted from 
the more’flexible to the more rigid portions of the vessel, the devi- 
ations setting up bending in the shell. The information so ob- 
tained is instructive, but applies only to the specific vessel tested. 
It is necessary further to interpret the data to apply the test re- 
sults to prototype vessels. 

The direct load at any point of a vessel is proportional to the 
internal pressure and to the inside radius, so that if we divide 
the load per inch of shell (7') by the pressure and by the inside 
radius, we obtain a dimensionless value showing the relative 
loading at each point, the value of unity corresponding to the 
simple membrane stress in a cylinder, the value 0.5 to the simple 
membrane stress in a sphere. The bending moment at any point 
is proportional to the direct load and to a geometric eccentricity, 
which latter is proportional to the inside radius. If then we divide 
the moment per inch of shell (J/) by the pressure and by the in- 
side radius squared, we obtain a dimensionless value showing the 
relative bending at each point, the value zero corresponding to a 
direct loading without bending. The values so obtained are inde- 
pendent of the size of the vessel, depending only on its shape. 

To use these charts in finding the actual stresses in a prototype 
vessel, the foregoing procedure is reversed. The dimensionless 
value for direct load is multiplied by the pressure and by the in- 
side radius to give the load (7) per inch of shell, which is divided 
by the shell thickness to give direct stress. The value for bend- 
ing is multiplied by the pressure and by the inside radius squared 
to give moment (J) per inch of shell, which is divided by one 
sixth the thickness squared to give bending stress. The direct 
and bending stresses are added algebraically to give the stresses 
at the inside and outside surfaces of the prototype vessel. 


Heaps 


The results obtained for dished heads of different shapes are 
shown in Figs. 1 to 8, inclusive. In each case the radius shown 
is the inside radius of the cylindrical skirt of the head. The cir- 
cumferential direction is parallel to the circumference of the skirt. 
The meridional direction is perpendicular thereto, lying in a plane 
containing the axis of the drum. A positive load value corre- 
sponds to tensile load, a positive moment value corresponds to 
tension on the inside surface of the vessel, both with internal 
pressure applied. 

Figs. 1 to 8 show the loading distribution in dished heads. In 
general, the dished heads tend to move toward the spherical 
shape giving circumferential compression and rapid changes of 
bending moment, indicative of large shears, at the knuckle. 
This circumferential compression carries well into the cylindri- 
cal portion of the shell. At the crown of a blankhead, the curva- 
ture increases under pressure, producing compression inside. 
At the opening in a manhead there is found a high circumferen- 
tial tension with local bending in the flued-in manway. 

Figs. 6 and 7 show an ellipsoidal blankhead and a similar head 
with an opening so reinforced as to dilate at the same rate as the 
portion of the blankhead crown replaced. During fabrication 
the reinforcement was displaced axially, causing the bending 
shown near the reinforcement. Otherwise the reinforcement is 
seen to perform satisfactorily. The unreinforced hemispherical 
manhead, Fig. 8, is seen to perform about as would be predicted 
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from theoretical considerations. The circumferential stress at 
the edge of the opening is twice that in the head elsewhere. The 
increased deflection near the opening causes a reduction in the 
curvature of the head, with positive bending throughout. 


OPENINGS 


Round Openings. Openings in a cylindrical shell are focal 
points for the initiation of failure, particularly when operating at 
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high stress levels in services involving frequent pressure changes. 
The designer will seek to reinforce such openings by adding metal 
locally around the hole. Each such addition of metal reduces the 
stress at the opening but as more metal is added the reinforced 
area becomes more rigid. If this be carried on sufficiently, the 
stresses at the outside edge of the reinforcement will rise to values 
higher than at the opening, and the opening becomes over-rein- 
forced. 
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Figs. 9 to 12, inclusive, show the effect of adding reinforce- 
ment in various degrees at the opening. 

Fig. 9 shows a heavy inserted nozzle. Counting only that part 
of the nozzle and weld that is symmetrical about the center of the 
vessel shell, the added reinforcing area is 106 per cent the area 
cut out in the opening. This is considerably more than required 
by present design rules, and a little more than would be re- 
quired if the provision allowing 2-in. free opening without rein- 
forcement were removed from the present rules. It is seen that 
the maximum stress at the bore has been dropped to 2.06 from 
the 2.50 times the average shell stress that is found at an unre- 
inforced round opening. This is a relatively minor improvement. 

Fig. 10 shows an inserted nozzle with welds that are readily 
radiographed. The changes in thickness are less abrupt, while 
the total reinforcing area is only slightly increased to 115 per 
cent. The maximum stress at the bore is only slightly reduced to 
2.04 times the average shell stress, corresponding to the slight 
increase in area of reinforcement over the nozzle of Fig. 9. 

Fig. 11 shows the effect of increasing considerably the rein- 
forcement by adding metal close to the opening. The added re- 
inforcement within one opening diameter as specified by present 
rules is 194 per cent, and the total added area is 302 per cent. The 
maximum stress at the bore is 1.05 times the average shell stress 
but the stress in the shell just outside the reinforcing area is now 
1.51 times the average shell stress, showing the rigidity of the 
thick reinforcement. 

Fig. 12 shows the effect of increasing the diameter of the rein- 
forcement and reducing the thickness so as to maintain reinforcing 
area while reducing rigidity. Here the added reinforcement is 
147 per cent within one opening diameter either side of the open- 
ing, 380 per cent total. The maximum bore stress is now 1.16 
times the average shell stress and the maximum shell stress is 
1.26 times the average. 

Further experimentation with reinforcement shape can yield 
forms of still better performance. All the reinforcements tested 
were essentially the same shape in both circumferential and 
meridional sections. Tapering to a different shape in the circum- 
ferential direction will be most effective in reducing the rigidity of 
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the reinforcement, while keeping down the stress at the bore. 
All such designs are expensive to fabricate and are bulky, occupy- 
ing shell surface needed for functional drum attachments. As 
openings are usually for the flow of fluids, there is no necessity 
that the opening be round. The virtue of the round opening lies 
in its simplicity. If this virtue is to be lost in reinforcement to 
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give uniform stress levels throughout the vessel, then it becomes 
permissible to examine the performance of openings having more 
advantageous shapes. 

Elliptical Openings. The wall of a cylindrical vessel is loaded 
in two principal directions, the major load circumferential, the 
minor axial and of a little less than one half the magnitude. 
The minimum stress concentration at an opening in a plate so 
loaded is obtained by making the opening elliptical with the 
lengths of the axes proportional to the plate loadings in the same 
directions. So designed, the tangential stress is uniform around 
the periphery of the hole and is equal to the sum of the unpierced 
plate stresses in the major and minor directions. In drums. this 
means that the opening is an ellipse with axis ratio 2:1, and with 
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peripheral stress 1.5 times the average circumferential stress in 
the drum shell. Several such elliptical nozzles were built and 
tested with results shown in Figs. 13 to 16, inclusive. 

Fig. 13 shows a thin-walled nozzle designed to give minimum 
reinforcement. In the longitudinal section, the area added that is 
symmetrical about the vessel wall is 16 per cent of the area lost in 
the opening. The maximum stress is found in the inside of the 
nozzle, equal to 1.40 times the average circumferential stress in 
the vessel. Here even a small amount of reinforcement has pro- 
duced an appreciable reduction in maximum stress from the 1.50 
factor expected without reinforcement. 

Fig. 14 shows a nozzle with a thick wall, the reinforcing area 
symmetrical about the vessel wall being 113 per cent the area cut 
out. This is seen to be too heavily reinforced, for the stress in- 
side the opening is 0.77 the stress in the vessel wall, while the 
stress factor in the plate outside the nozzle has risen to 1.19. 
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With an optimum design of intermediate thickness, a stress level 
but slightly above that in the unpierced plate can be achieved. 

The designs in Figs. 13 and 14 occupy an absolute minimum of 
area of drum shell, often a very valuable consideration. They 
do, however, require the cutting of an elliptical hole in the shell 
which may be objectionable, and do not permit of ready x-ray 
examination of the welds. 

Fig. 15 shows a cast nozzle with elliptical opening which inserts 
into a round hole in the shell. This proved to be a little light in 
design with a stress factor of 1.3. A somewhat heavier version of 
this nozzle should prove to be a near perfect nozzle. 

Fig. 16 shows a heavy nozzle with a round hole machined to an 
oval shape at the vessel wall. It performed about as might have 
been expected for the same amount of reinforcement on a round 
opening, so that the oval shaping made little difference. 


Design MretuHops 


In the past the design of many boiler parts has been on an 
arbitrary rule-of-thumb basis. In the case of dished heads and 
reinforced holes, for example, there has been available no ade- 
quate theory nor any method of determining experimentally the 
behavior of these parts. The experimental techniques of Koois- 
tra and Blaser? have now filled the latter deficiency, so that a re- 
examination of the methods of design of heads and openings is in 
order. 

The general method of design of boiler parts has been to set up 
a reasonable appearing formula involving the pressure, the di- 
mensions of the part, and one or more arbitrary constants relating 
to the material used, and to experience with the part obtained 
from service or from proof-pressure test. It is unfortunate that 
one of these constants has had the dimensions of stress, for this 
practice has given the impression that such a stress level actually 
existed in the vessel, with the corollary that these stress levels 
were the maximum desirable. It is significant that in the case of 
complicated pressure-vessel elements, such as stay bolts, stress 
factors are not used. If we are to apply our new knowledge of the 
behavior of boiler parts to design, we must be prepared to alter 
our ideas concerning permissible stresses, or our new knowledge 
will do us a disservice. 


ALLOWABLE STRESS 


With the means available to determine stress levels throughout 
a vessel, we must find a reliable method of determining allowable 
stresses in a vessel for a given service. The service test is the most 
reliable test of a design, but it takes a long time to complete. 
Safety considerations make it impractical to determine limiting 
stresses in this manner. 

The test to destruction by overpressure is quickly accomplished, 
but has the serious difficulty that often the shape just before 
failure is much different from that of the vessel in operating con- 
dition, and the properties of the material have changed markedly, 
so that the vessel at failure is quite different from the vessel it was 
desired to test. The overpressure test will not usually show the 
effect of high local stresses, as at notches, which may cause failure 
in service. 

The fatigue test, produced by the cyclic application of pres- 
sure, does not distort the vessel and may be relied upon to show 
the existence of any important stress raisers. It simulates in a 
short time the variations of pressure which the prototype will ex- 
perience in service, and can be run to failure without hazard so 
that limiting stress values can be obtained. It is, however, open 
to the objection that the fast cycling of the fatigue test may not 
produce the same effect in the vessel as the slow cycling in serv- 
ice, with long periods at nearly constant pressure. The validity 
of this objection can be established only by service tests. 

The fatigue test, generally performed with cold water as a 
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pressure medium for safety and convenience, does not reproduce 
the effect of temperature on the vessel. Temperature does affect 
the physical properties of the vessel material, so must affect the 
life of the vessel. Up to the saturation temperatures of high- 
pressure boilers, the change in short-time physical properties of 
steel is small. 

The work of Kooistra and Blaser® on fatigue of pressure vessels 
at elevated temperatures shows no significant effect of tempera- 
ture on the fatigue life of steel in the saturation-temperature 
range. It appears unnecessary to perform fatigue tests at tem- 
peratures in the saturation range. The fatigue test is also open to 
the objection that it does not reproduce the effect of corrosive 
media on the vessel material. The validity of this objection must 
also be determined by service tests. 

In the past, due to insufficient knowledge, vessels containing 
parts operating at high stress levels were fabricated and operated. 
A study of the history of such vessels may prove a valuable aid in 
determining allowable stress levels. There are a large number of 
such vessels available. If we determine the stress levels actually 
obtaining in such vessels by experimental stress analysis when the 
vessel is retired, we will be better able to assess the validity of the 
fatigue test. 

Prior to 1915 boiler-drum heads were of the shallow dished- 
and-flanged type shown in Figs. 1 and 2. Recently, in the course 
of a modernization program at a district steam-heating plant, a 
drum with a satisfactorily long life at full design pressure became 
available. The boiler was first installed in 1906 and was removed 
from service in 1948. Design pressure was 200 psi, with 175 psi 
being maintained on the main steam headers, so that the actual 
drum pressure was between those values. A 300-psi test pressure 
was applied on starting up each fall, and at other times after 
opening up the boiler. No accurate log of boiler operation was 
kept; however, all boilers of the plant were required during the 
colder periods of winter, some boilers were banked or shut down 
during milder weather, and all were laid up dry each summer. 

Such service is in many ways more severe than steady opera- 
tion, for it involves many more stress cycles, and exposes the 
drum to corrosion while cold and in contact with moist air. No 
close estimate can be given of the number of stress cycles applied 
during the 42 years of operation, but it would appear that the 
cycles of 300-psi test pressure would number about 75, while 
the cycles of operating pressure would number several thousand. 

The high stress level is clearly portrayed in Fig. 17, showing the 
pattern of Liiders’ lines formed on a head of this drum. This pat- 
tern was so fully developed that it showed up clearly even after 
sandblasting the scale. from the surface. This drum was made 
from 55,000 UTS open-hearth steel plate. Extensive sectioning 
and testing of the highly stressed regions of the head showed no 
significant change in physical properties over those given in the 
original mill tests of the plate. The interior surface in contact 
with boiler water was covered with a smooth coating of scale, but 
showed no signs of corrosive attack. _The exterior surface showed 
a few deep pits, apparently at points where the boiler brickwork 
was in contact with the drum shell. From any visible evidence 
this drum was in good shape and ready for another extended 
period of service. 

Fig. 18 shows the stresses actually measured in this drum at 200 
psi pressure. These of course represent stress range at this pres- 
sure after a preceding 300-psi test pressure. It appears that the 
stress range at any point did not much exceed twice the yield 
point of the material at design pressure. At test pressure the 
stress range exceeded twice the yield point over limited areas. 

From the foregoing data on this drum we are in a position to 
draw some tentative conclusions concerning the relative im- 
portance of the various factors in drum life. 

We do not have any data as to the fatigue strength of the ma- 
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Fig. 17 Liprers’ Lines on OuTER SURFACE OF KNUCKLE OF SHAL- 
Low DisHED MANHEAD FABRICATED IN 1906 


terial of this drum, but, considering the severity and probable 
number of the stress cycles, we may assume safely that a con- 
siderable portion of the fatigue life of this drum has been spent. 
Neither time nor exposure to boiler water has greatly accelerated 
the failure, for the drum was to all appearances in good condition. 
It would then appear that the fatigue test is a reliable test of 
service life for boiler drums. 

There is a general relationship between stress range and number 
of cycles to failure, expressed in the conventional S-N curve. 
The desirable maximum stress range in a vessel is that range 
which will produce a service life of the vessel which shall exceed 
the desired service life, expressed in number of service cycles, by a 
safe margin. In the determination of stress range all contributing 
factors should be considered, such as thermal stresses, not merely 
pressure stresses alone. We now have available or obtainable 
sufficient information to design vessels on such a basis. 


PRESTRESS 


The application of an initial overpressure, as by a pressure 
test, will so prestress a vessel as to reduce the stress at working 
pressure in various portions of the vessel. This may have a bene- 
ficial effect on the life of the vessel. 

Consider a vessel so constructed that when the pressure is 
raised from zero to design pressure, the growth of various localized 
portions of the vessel corresponds to a stress range varying from 
zero stress to over twice the yield point of the vessel material. 
If the vessel pressure is simply raised to design pressure without 
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any initial overpressure, then the stress picture is that indicated 
in Fig. 19. Those portions with stress ranges between once and 
twice yield point operate at yield point with no yielding on subse- 
quent pressure applications. With pressure off, these same por- 
tions have prestresses varying down to negative yield point. 
Those portions of the vessel with a stress range of over twice the 
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yield point must yield with each application and release of pres- 
sure. 

If an initial overpressure is applied, Figs. 20 and 21 show that 
the operating stress is lowered for portions with an operating 
stress range of less than twice the yield point. If an overpressure 
of 3/2 working pressure is applied, then the operating stress for 
those portions of the vessel with an operating stress range less 
than 5/3 yield point does not exceed 2/3 yield point. If an over- 
pressure of 2 times working pressure is applied, then the operating 


OPERATING STRESS AT OPERATING PRESSURE 
——_——-— STRESS AT TEST PRESSURE 

——— STRESS WITH PRESSURE REMOVED 

a eeeeseceses APPARENT STRESS 


+2 


ICAT 


+1 


STRESS IN YIELD POINTS 


STRESS RANGE AT OPERATING PRESSURE IN YIELD POINTS 


Fic. 20 Brxavior or Vesset aT Locatty HicH Stressep Points 
Wits Initia, OverpressurE 1.5 Times WorKING PRESSURE 


OPERATING STRESS AT OPERATING PRESSURE 
ae STRESS AT TEST PRESSURE 

——— STRESS WITH PRESSURE REMOVED 

oe ceeeseecees APPARENT STRESS 


° | 2 3 


is 
> | [yet [ INITIAL APIPLICATION 
a OF TEST PRESSURE 


+1 


STRESS IN YIELD POINTS 


fe} ' 2 3 


STRESS RANGE AT OPERATING PRESSURE IN YIELD POINTS 


Fic. 21 Brsavior or Vesset aT Locatty Hico Stressep Points 
Wits iniT1an Overrressurre 2.0 Times WoRKING PRESSURE 


TRANSACTIONS OF THE ASME 


JULY, 1950 


stress for those portions of the vessel with an operating stress 
range less than 3/2 yield point does not exceed 1/2 yield point. 
Similar relationships apply for other values of initial overpressure. 
No initial prestress can benefit those portions of the vessel which 
have an operating stress range of over twice the yield point, for 
these portions must yield with each application and release of 
operating pressure. 

The foregoing discussion assumes that only limited portions of 
the vessel have these high stress ranges so that their yielding will 
not affect appreciably the general stress level of the vessel. To 
the extent that this assumption is not justified, that yielding of 
the higher stressed portions does increase the general stress level, 
then to that extent is the amount of prestress obtainable re- 
stricted. A vessel with a uniform stress range throughout cannot 
be prestressed. 

It has also been assumed that yield point is a simple, definite 
stress. Actually, the yield point is not a clearly defined value in 


any case, and is considerably influenced by previous cold-working . 


of the material, and by the stress conditions in the perpendicular 
directions. The effect of these considerations is to round off the 
sharp corners of the curves in Figs. 19, 20, and 21, and to alter the 
value of yield point selected, but does not change the general re- 
lationship. 

It has been shown that the effect of prestress is limited to por- 
tions of the vessel having stress ranges within certain limits as set 
forth. Whether this prestressing will increase vessel life depends 
upon whether corrosion resistance or fatigue life is improved. 
Experience with older drums, such as the case already cited, 
would indicate that corrosion due to contact with properly treated 
boiler water is negligible for boiler plate at any stress level. There 
may, however, be benefits in services using other media. Fatigue- 
test data indicate that there may be some improvement in fatigue 
life of mild steel by prestressing at ranges below twice yield point, 
but that this improvement is in a life already many hundred 
times the number of pressure cycles possible in boiler service. 

We may conclude that prestressing is not significantly bene- 
ficial to the life of boiler drums. The pressure test is of course of 
value in boilers to show up safely incipient failures in parts weak- 
ened by erosion or other cause. The value of prestress in other 
services should be determined by the effect on corrosion and 
fatigue life in that service. 


CoNCLUSION 


The results of many experimental stress analyses of boiler 
drums have been given in a form permitting their ready applica- 
tion to other vessels of the same general shape. 

The significance of these results is discussed with particular ref- 
erence to allowable stress levels in design. It is shown that in 
power-boiler service there is no selective corrosive attack of boiler 
plate at stress ranges of twice the yield point. It is also shown 
that present design rules are not correct as regards dished heads 
and reinforced openings. 


Discussion 


H. C. Boarpman.‘ This paper is timely because it treats of 
problems now of great interest to the ASME Boiler Code Com- 
mittee and to the Design and Fabrication Divisions of the 
Pressure Vessel Research Committee of the Welding Research 
Council. It brings out into the open stress factors which present 
codes for pressure vessels either conceal or only mention in cau- 
tionary phrases. Surely it will stir code writers to a keener 
awareness of the deficiencies of their work, and of their obligation 


‘ Director of Research, Chicago Bridge & Iron Company, Chicago, 
Ill. Mem. ASME. 
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to keep rules of design as close to the forefront of knowledge as 
considerations of safety will permit. 

The technique and interpretation of electric-strain-gage sur- 
veys are well established and understood; the authors’ company 
has contributed much both to this technique and this understand- 
ing. Such surveys, complemented by mathematical analyses, 
should be accepted as a basis for the design of pressure vessels, as 
already they are officially accepted for the design of storage 
tanks. The Standard Specifications for Elevated Steel Water 
Tanks, Standpipes and Reservoirs states: 


“Tt is recognized that no specifications for the design of elevated 
tanks can be sufficiently specific and complete to eliminate the 
necessity of judgment on the part of the designer. It is also, 
recognized that strain gage surveys are a proper source of design 
information.” 


A similar statement could well be made with reference to pres- 
sure-vessel design. 

Presumably ‘‘direct load,” “direct loading,” and “‘load per inch 
of shell” are synonymous; also “bending moment” and “moment 
per inch of shell.” 

Aptly descriptive of how connections upset the membrane 
stress system is the statement: “The direct loading is diverted 
from the more flexible to the more rigid portions of the vessel, the 
deviations setting up bending in the shell.’”” These words convey 
to the mind a picture of “‘direct-load” contours bunching up near 
nozzles and: supports and correspondingly thinning out elsewhere 
to keep their sum total equal to the bursting pressure. The mo- 
ments established in this way are of two kinds—those in planes 
perpendicular to and tangent to the shell. The latter are due to 
the cited shifting of direct loadings because of vessel attachments 
and other geometric irregularities. 

In calculating their dimensionless values for “relative loading 
and bending” the authors have assumed that, at any point in the 
shell, the “‘load per inch of shell” is proportional to the pressure 
and the shell radius, and that the ‘‘moment per inch of shell’’ is 
the product of the “direct load” times a “geometric eccentricity” 
which is proportional to the shell radius only. How is it known 
that the geometric eccentricity is not a function of pressure too, 
just as the eccentricity of a column is a function both of the load 
on the column and the geometry of the unloaded column? As 
another example, the moment per inch of shell at a cylinder to a 
conical-head connection varies approximately as the product of 
the three-halves power of the pressure and the square of the 
cylinder radius, and inversely as the square root of the unit stress 
used in designing. 

The authors’ dimensionless values for a cylinder are the direct 
load and moment per inch of shell for a cylinder having a radius 
of 1 in., under a pressure of 1 psi, assuming that the geometric 
eccentricity for this small cylinder is the eccentricity for the actual 
cylinder divided by the radius of the actual cylinder. Is this 
probable? What is meant by: ‘The values so obtained are in- 
dependent of the size of the vessel depending only on its shape’’? 
Is not a given set of the authors’ dimensionless numbers pre- 
cisely applicable only to vessels which, including the shell thick- 
ness, are photographic enlargements or reductions of each other? 
Nevertheless, such dimensionless numbers should be quite useful 
when applied to vessels departing from photographic similarity; 
doubtless the authors intend that they be so used. 

Dished Heads. The reported results for the heads tested are 
believed to be in line with the results of crude mathematical 
analysis and with intuitive knowledge of how heads behave. It is 
gratifying to observe that properly reinforced circular openings in 
spheres change little the normal stresses in adjacent shell plates. 

Openings. This section is a real contribution because it shows 
how shape refinements, commonly known as streamlining, can 
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reduce stress concentrations. Although elliptical openings have 
been used for some time, it is probable that this paper for the first, 
time demonstrates their advantages quantitatively. Are not 
such openings amenable to fairly accurate mathematical analy-. 
sis? 

Incidentally, there is now being conducted at the Chicago plant 
of the writer’s company, a strain-gage survey of a large rectangu- 
lar clean-out door, installed in the bottom ring of a section of an 
oil storage tank 100 ft diam, with the bottom of the opening flush 
with the upper surface of the horizontal tank bottom plate. To 
carry the normal ring-tension stresses in the shell around the 
opening, without causing bending in the tank shell and tank 
bottom, there is provided a continuous bar with its width per- 
pendicular to the shell, which bar forms the top and bottom of 
the opening, and is shaped to a parabola around each end of the 
opening. Of course this bar is welded to the shell. In this case 
the parabola is the equilibrium curve for the shell loads on the 
bar. However, in the case of a cylindrical pressure vessel, the 2:1 
ellipse is not the equilibrium curve for the shell loads upon it and 
therefore is subject to bending as well as direct stresses. The 
1.414:1 ellipse in a cylindrical shell is free of bending, moments 
but is subject to a variable direct stress. 

Design Methods and Stresses. This portion of the paper is very. 
stimulating and helpful. The authors truly state: “If we are to 
apply our new knowledge... to design we must be prepared to 
alter our ideas concerning permissible stresses, or our new knowl- 
edge will do us a disservice.” The same thought has been ex- 
pressed many times in meetings of the ASME Boiler Code Com- 
mittee, and really is an indirect way of saying that the inevitable 
changeover, from the crude idea that the nominal stresses of 
simple design formulas are the actual stresses in the vessel, to the 
idea that the working stress at points of stress concentration may 
safely be practically at the yield point, must involve a period 
of education and conditioning to make acceptance possible. Such 
education and conditioning result in one of the greatest products 
of the Pressure Vessel Research Committee and in papers such 
as the one under discussion. 

The service history of the boiler-drum heads built in 1915 is 
most encouraging and gives assurance that the heads of the 1950 
ASME Unfired Pressure Vessel Code are quite safe for the serv- 
ices intended. j 

It is startling to read “It appears that the stress range at any 
point did not much exceed twice the yield point of the material at 
design pressure,”’ and ‘‘The desirable maximum stress range in a 
vessel is that range which will produce a service life of the vessel 
which shall exceed the desired service life, expressed in number of 
service cycles, by a safe margin.” The first statement arouses a 
bit of doubt as to whether the stress range did really exceed twice 
the yield point; perhaps the tensile and compressive yield points 
were sufficiently raised by the straining to keep the stress range 
between them. The second statement, extended to the limit, ap- 
pears to mean that, if a vessel were so streamlined as to be free of 
stress concentrations, it could for most services be operated 
safely at general stress levels practically up to the yield point in 
tension. This is plenty of food for thought. 

The writer questions the reasoning by which the authors 
reached the conclusion that “the fatigue test is an accurate test 
of service life for boiler drums.’’ How the fact that a boiler drum, 
poorly designed by present standards, withstood service con- 
ditions for over 40 years, and then appeared to be in good condi- 
tion, leads to the conclusion that the fatigue test is an accurate 
test of service life for modern boilers, is rather obscure. 

Prestress. The questions of prestress and the hydrostatic test 
are inseparable, especially for vessels not thermally stress-re- 
lieved. In such vessels cold-forming and welding lock up very 
complex stress systems which, in a sense, are prestress systems. 
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These the hydrostatic test modifies by plastic-straining, par- 
ticularly in the welds and in regions where there are fabricating 
misalignments and design discontinuities such, for example, as the 
direct connection of a conical head to a cylindrical shell. 

The real question is whether the residual-stress system after 
the hydrostatic test is more favorable to vessel service than the 
locked-up stress system which would develop in service if the 
hydrostatic test were omitted. 

Since the major stresses induced by pressure are tensile, it 
seems that the highest tensile prestrain short of general yielding 
is the most beneficial because it most reduces misalignments and, 
in regions of design discontinuities, results in the lowest subse- 
quent “‘pressure-on” tensile stress in service. Furthermore, 
should the latter effect be overdone, to the extent that plastic 
compressive yielding occurred upon release of pressure, such 
secondary yielding would again modify the residual-stress system 
so that thereafter the pressure-on tensile stress in service would 
be the lowest possible, and the “‘pressure-off” stress would be the 
compression yield point. Of course the extreme tolerable stress 
cycle is between the highest possible compressive and tensile 
yield points short of failure. 

On the other hand, if no overpressure were applied prior to 
service, the pressure-off compressive stresses at regions of 
stress concentrations would be the lowest possible, and the pres- 
sure-on stress would be the tensile yield point if plastic yielding 
occurred when the working pressure was first applied. 

Does the Bauschinger effect in any way change this reasoning? 
Does embrittlement due to cold-working? 

The concluding statement: “It is..shown that present design 
rules are not correct as regards dished heads and reinforced open- 
nings’”’ cannot be denied in an absolute sense. However, the 
burden of proof is on him who claims that the dished heads of the 
1950 ASME Unfired Pressure Vessel Code are inadequate for 
boiler and other pressure-vessel services. Although in theory 
these heads could be improved by providing a transition spiral 
(like a railroad transition spiral), between the cylinder proper and 
the head proper, such refinement and complication seem inad- 
visable in view of the practically perfect performance of modern 
dished heads, both torispherical and ellipsoidal. 

Commendation is due the authors for this most stimulating, 
instructive, and forward-looking paper. 


D.8. Jacozsus.® The authors should be commended for show- 
ing the way in which advances may be made in designs and con- 
structions. 

The advantage of diminishing stress concentrations is well 
known but, as shown by the tests and data given in the paper, 
such concentrations exist in some of the usual constructions. 

If models of new designs were tested in the way described in the 
paper, progress could be made in formulating rules to provide the 
necessary safety with a minimum amount of material. 

Let us hope that the work of the authors will cause such a 
movement to be started and perpetuate their efforts. 


AuTHOoRS’ CLOSURE 


It is indeed gratifying to the authors of a paper to find their 
work has been to some avail, that their paper has been read thor- 
oughly and with discernment, and that it has evoked searching 
discussion. The original paper, being necessarily limited in 
length, passed lightly over much experience and analysis that in- 
fluenced the conclusions drawn. Mr. H. C. Boardman has 
pointed out several significant gaps in the paper which we will 
endeavor to fill in this closure. 

In connection with the dimensionless constants set up to as- 
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say the behavior of a shell or dished head, it has been pointed 
out that the geometric eccentricity implicit in the moment con- 
stant is a function of pressure as well as vessel size for a given 
vessel shape. We have found this to be only a minor factor. 
The doubly curved surface of a drum head is so rigid that its 
shape changes only slightly with pressure unless the pressure is 
carried so high that a large portion of the head material has 
yielded. In such a case a new head shape is formed which be- 
haves somewhat differently. We have had only a few opportuni- 
ties of checking heads of similar shape but varying ratios of 
thickness to diameter. In each case the load and moment coef- 
ficients have checked to within the geometric accuracy of the ves- 
sels. 

The testing so far has been confined to vessels of the propor- 
tions in general use. As our company uses progressively deeper 
heads with increasing pressure, there has been no opportunity to 
test any shape over a wide range of thicknesses. We would ex- 
pect, however, that in very thick heads there would be a non- 
linear stress distribution through the wall at places where the 
curvature is high in relation to the thickness, much as in a curved 
beam. Properly evaluated, the same loading and bending con- 
stants might well still hold for thick heads. 

The elliptical openings were designed from the analysis of C. E. 
Inglis as given by Timoshenko.’ In high-pressure drums, the 
addition of material to form a reinforcement for an opening is 
sometimes undesirable, both for fabrication and for service life. 
Reinforcement is then best provided by increasing the shell 
thickness. The optimum opening shape without local reinforce- 
ment is an ellipse whose axes are parallel and proportional to the 
principal stresses. The local tangential stress around the open- 
ing is the sum of the principal stresses. This is predicted from 
the analysis and closely verified experimentally. If local rein- 
forcement is added to further reduce local stresses, then the op- 
timum opening shape becomes less elongated, until, in the limit, 
for no disturbance in the shall plate, the optimum opening shape 
becomes an ellipse whose axis ratio is the square root of the ratio 
of the principal stresses. This result is important in the design 
of efficient low-pressure vessels, and we are much indebted to 
Mr Boardman for his analysis of the latter condition. 

In the case of the old-type drum which was strain-gage tested, 
the metallurgical examination showed only normal 55,000-psi 
UTS plate. There was no elevation of the yield point or abnor- 
mal corrosive attack even in the zone showing extensive Liiders’ 
lines. The physical properties checked the original mill-test 
reports to the usual accuracy of such tests. The strain gages 
definitely showed a stress range at working pressure of at least 
twice yield point, and proportionally more at test pressure. A 
measured yield point is a function of the shape as well as the ma- 
terial of the specimen, and actual yielding in the direction of load 
is also affected by the stresses in the perpendicular directions, 
so that we cannot say that an operating stress range of twice the 
the yield point of a standard 0.505 specimen means actual yield- 
ing in the vessel. Nor can it be determined from the behavior of 
any gage that yielding has taken place at that gage, for yielding 
at an adjacent location at another stress level will increase the 
load on the metal under the gage to show an apparent yielding. 

In applying strain gages to a vessel, it is unlikely that the gage 
will be applied exactly to the highest stressed location. The 
gage indicates average strain over its gage length so that the peak 
stress is always larger than indicated. All these factors add so 
that it may be stated confidently that the peak-stress range in 
the head of the old drum tested was well over twice the nominal 
yield point of the material as given by a standard 0.505 specimen. 


6 “Theory of Elasticity,” by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, p. 175. 
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The extensive and well-formed system of Liiders’ lines shows that 
there was much plastic action during the drum life. 

Service tests have shown no definite upper limit for allowable 
stress in boiler drums. Given the usual good water conditions, 
local stress ranges at working pressure of twice the nominal yield 
point seem to operate with complete satisfaction. As it is 
manifestly impractical to operate a vessel with the general stress 
level at yield point, it is seen that isolated stress raisers may have 
a concentration factor of at least 2. 

This of course applies to boiler drums and present boiler plate. 
Contact with other fluids and the use of high-strength steels 
may alter these conclusions markedly and will require a separate 
evaluation. 

Certain features of design are not susceptible to stress analysis, 
either mathematical or experimental. Examples are the fillet 
at a gasket seat and the built-in crack at the root of a fillet weld. 
For such cases, an accelerated service test is desirable. The 
simplest such test is the room-temperature fatigue test. This 
fatigue test can be invalid on three counts: (1) Its results may be 
unrelated to service life; (2) they may be overly optimistic, or, 
(8) pessimistic in predicting service life. 


1 A room-temperature fatigue test, using water as the pres- 
sure fluid, will certainly not predict performance under corrosive 
conditions or at high temperatures in the creep range. However, 
our tests have revealed no invalidating evidence in the range of 
saturation temperatures in boiler work up to 650 F. 

2 The speed of cycling is necessarily much higher in a fatigue 
test than in boiler service, and there is an observed small increase 
in fatigue strength with increase of cycling frequency. It is 
possible that very slow cycling might show some lowering of 
fatigue strength. However, we may note that fatigue strength 
is unaffected by testing frequency from the slowest normally run 
up to about 5000 cycles per min. An increase to 1,000,000 cycles 
per min will raise the endurance limit by a factor of the order 
of 30 per cent. We would not expect to find any serious lessen- 
ing of fatigue strength at very slow cycling rates. Our service 
experience shows no corrosive attack from boiler water during 
these slow cycles. 

3 Several factors apply which may make service life greater 
than that predicted from fatigue-testing. If the fatigue life is 
determined -by the number of cycles at peak or test pressure, 
then the cycling at lower operating pressures may raise the endur- 
ance limit appreciably. If the service life is predicted from 
number of cycles at working pressure, properly weighted for the 
damage caused by occasional overpressuring, then the effect of 
the mild heat-treatment at saturation temperature may be under- 
estimated. 


The amount of information available from service experience, 
concerning operation at stress ranges higher than twice yield 
point, is very small, Feed nozzles have developed eracks when 
quenched with cold water. Fired mud drums have cracked when in- 
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sulated from the water inside by scale or oil. Boiler sectional 
headers have cracked when intermittently quenched by improper 
use of the water lance. All of these cases have involved esti- 
mated thermal stress ranges of 100,000 psi or more and at least 
several hundred cycles. The service life obtained under such 
conditions is about what could be predicted from fatigue-test 
data. Certainly, if the service life were very much less than 
might be predicted from fatigue data, the old drums built prior 
to 1915 would not have the long service life actually afforded. 
If we require that a design when submitted to fatigue test, shall 
exhibit a life, measured in number of cycles that shall exceed the 
desired service life by a wide margin, say by a factor of 10, then 
the safety of the design is certainly assured. There are several 
commonly used details of current boilers that may not meet such 
a test. 

The stress ranges in blankheads designed in accordance with 
the ASME Power Code are shown in Fig. 22 of this closure. It 
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Fie. 22 Actuat OPERATING STRESS RANGE IN 2:1 ELLIPSOIDAL AND 
SHALLOW DisHED BLANKHEADS SIMILAR TO Figs. 6 AND 3. DkrE- 
SIGNED IN AccorRDANCE WiTH ASME Power Cope: 

S = 14,000 Pst 


is seen that the stress range is high in the thinner low-pressure 
heads and very low in high-pressure heads. This is inherent in 
any head-design formula which specifies a thickness proportional 
to pressure. The company with which the authors are connected 
has no service experience with the thin low-pressure heads. 

For many years, long before these tests were conducted, it has 
been our practice to use shallow dished heads at pressures below 
300 psi, 2:1 ellipsoidal heads from 300 psi to about 1000 psi, and 
hemispherical heads at higher pressures. Heads designed for 
160 psi are used at lower pressures. This practice, it is now seen, 
has kept operating stress ranges under 50,000 psi. Dished heads 
might well be used at much higher pressures than is now the prac- 
tice, if the Code were modified to permit a reasonable stress 
range at such pressures. 
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Experimental Technique in Pressure- 


Vessel Testing 


By L. F. KOOISTRA! anp R. U. BLASER,? ALLIANCE, OHIO 


The latest designs of pressure vessels for high-pressure 
boiler service have been investigated by means of experi- 
mental stress analysis and hydraulic fatigue tests. Meth- 
ods have been developed to measure strain on the inside 
as well as on the outside of pressure vessels under internal 
pressure. Pulsating hydraulic fatigue tests were con- 
ducted on full-scale high-pressure drums. Scale-model 
vessels of about one tenth actual size were similarly tested 
in a saturated-steam and water atmosphere of 2000 psi. 
The technique used in these tests, and the special appara- 
tus built for the purpose are described. 


INTRODUCTION 


XPERIMENTAL development of pressure vessels has 
E been carried on for many years during which various test- 
ing techniques and procedures have been used. This 
paper will discuss certain phases of this development that have 
taken place in the authors’ company during the past 10 years. 
It has long been felt that the use of a design factor of 5 was un- 
necessarily large, and that more appropriately it could be called 
a factor of ignorance rather than a factor of safety. The very con- 
siderable amount of work herein described was undertaken to 
reduce the number of unknown factors in pressure-vessel design. 

In the earlier stages, experimental stress analysis was conducted 
by means of Berry strain gages and somewhat later by using De- 
Forest scratch gages. These tools were later replaced by the 
Baldwin-Southwark SR-4 gages. The SR-4 gages were so much 
more accurate and sensitive and could be used with so 
much greater facility that the art of experimental stress analy- 
sis came into its own with the use of this tool. This paper, 
therefore, will deal largely with the development and the tech- 
nique employed for experimental stress analysis starting with the 
use of the SR-4 gage. 

Besides the use of SR-4 gages, which tell the designer what stress 
levels are reached in the various parts of the structure under in- 
ternal pressure, other methods for determining stress concentra- 
tions were employed, such as room-temperature and high- 
temperature fatigue tests. The room-temperature fatigue tests 
were conducted on full-size drums, and the high-temperature 
fatigue test on scale-model cylindrical specimens. The room- 
temperature full-size drums were subjected to hydraulic pulsa- 
tions by means of apparatus specially built for this purpose. The 
high-temperature specimens were placed inside of a steam drum 
in an atmosphere of saturated steam and water and were simi- 
larily tested by means of hydraulic pulsations. The methods used 
in this kind of testing and the special apparatus built for this pur- 
pose will be described. 
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The results of the experimental stress analysis, and the merit of 
various design features are discussed in a companion paper by 
Schoessow and Brooks.’ 

Problems in fabrication of fusion-welded pressure vessels, and 
the inspection and control of the materials entering into this type 
of product, are described in another companion paper by O. R. 
Carpenter. 


EARLY CONSIDERATIONS 


For a great many years it has been accepted practice to sub- 
ject pressure vessels to a hydrostatic proof test. Sometimes a pro- 
cedure of hammer testing was also included. Test measurements 
in the early days were limited to visual observations, linear 
measurements by rule, or tape measure, and mechanical gages. 
Such mechanical gages became more refined as dial indicators, 
Berry gages, and Huggenberger tensometers became available for 
measuring strain due to pressure loading. All these were re- 
stricted to readings on the outside of pressure vessels. Strain 
determinations on the inside of vessels under pressure first became 
practical through the advent of the DeForest scratch gage. 

Requirements of such extensometers and strain-measuring de- 
vices are small size, sensitivity, ease of multiple application, re- 
liability, low cost, little or no damage to specimens, and stability. 
Slightly more than 10 years ago the resistance-wire strain gage, 
combining all these requirements, was introduced. This measur- 
ing tool has done much to further the art of experimental analysis. 
It has made possible a clearer understanding of the distribution of 
stress, both on inside and outside surfaces of pressure vessels. 
Because of the advantages mentioned. the SR-4 electric-resistance 
strain gage has been used in most of the work herein described. 

At various times brittle coatings, such as whitewash, and later 
“Stresscoat” have been used to determine the locations of maxi- 
mum stress. Stresscoat is particularly useful in many cases where 
the location and direction of maximum stresses is obscure. In 
this application it serves as an excellent detective measure to de- 
termine critical or maximum stress points. 


EXPERIMENTAL STRESS ANALYSIS 


In testing pressure vessels under internal pressure, a problem 
immediately arises as to the choice of pressure medium to be used. 
For the regular hydrostatic tests, water is generally used for this 
purpose. When stress measurements were made on the outside of 
the vessel, water was entirely satisfactory. Even later, when De- 
Forest type scratch gages were used for internal-stress measure- 
ments, water was not objectionable. The SR-4 gage, being an 
electrical device, is naturally sensitive to moisture. Consequently, 
a great deal of development work has been done by several experi- 
menters toward waterproofing SR-4 gage setups. 

For atmospheric work, a Petrosene wax coating proved very 
satisfactory. Waterproofing for internal hydraulic pressure, 
however, was not available at the time of the earlier SR-4 tests 


3 “Analysis of Experimental Data Regarding Certain Design Fea- 
tures of Pressure Vessels,’ by G. J. Schoessow and E. A. Brooks, 
published in this issue of Transactions, pp. 567-577. 

4“Fabrication of Pressure Vessels,’ by O. R. Carpenter (not 
printed). 
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(1942) and for that matter is still not reliable for high-pressure 
work. 

For the first test in which internal stresses were determined, 
compressed air was chosen as a pressurizing medium. ‘For this 
purpose the drum was set up on end, which was permissible in 
this case since only the stresses in the manhead on one end were 
to be measured. 

Fig. 1 shows the upper end of the drum with the SR-4 gage 
arrangement. After filling the drum with air at 200 psi, water 
from the hydraulic line was admitted at the bottom. The rising 
water column then compressed the air further until the desired 
test pressure was reached. Maximum pressures of 1268 psi were 


Fig. 1 View or Test Serur or Stream Drum IN VERTICAL Post- 


TION UsinG CoMPRESSED AIR AS PRESSURE MrpIuM 


obtained without the water level touching the lowermost gage 
wires. No particular difficulties were experienced in obtaining 
consistent data. 

Using a compressible gas in high-pressure vessels, sometimes at 
double the working pressure, was considered dangerous, particu- 
larly for experimental vessels. Therefore a method having less 
energy storage was highly desirable. 

In searching for a dry, high-resistance pressurizing liquid, the 
choice naturally falls on transformer oil. After testing several 
oils for this purpose, an inexpensive light lubricating oil proved 
equally satisfactory. The next problem was to bring the neces- 
sary gage wires through the pressure shell, electrically insulated 
and pressure-tight. A special plug was designed for this purpose. 

This multiwire plug is shown in Fig. 2 as it looks in the process 
of assembly. Once put together, several feet of wire are left on 
either side of the plug so that rewiring the plug is not necessary 
since soldered connections are made at the end of the leads. Con- 
struction details of this plug are shown in Fig. 3. This plug has 
been used with pressures up to 3750 psi and has been completely 
satisfactory both with respect to the absence of leaks as well as 
electrical insulation. 

To check the reliability of strain gages under pressure, a sepa- 
rate test was conducted with a weighted cantilever beam inside 
a small pressure chamber. This pressure chamber could be taken 
to whatever pressure was desired up to a maximum of 5000 psi, 
Fig. 4. It could be rotated about a central point so that the 
cantilever beam would be horizontal, vertical, or at any inter- 
mediate angle. Near the fixed end the cantilever beam was pro- 
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Fic. 2 View or SR-4 Gace Serur SHowine Mu.ttiwire PRESSURE 
Spat in Process OF ASSEMBLY 
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Fie. 3 HicuH-PREsSsURE MULTIWIRE SEAL 


vided with machined flats, top and bottom, on which the SR-4 
strain gages were applied. Since the cantilever was surrounded 
on all sides by the high-pressure atmosphere in which it was 
placed, the gages registered a compression strain as expected. By 
rotating the assembly, bending stresses independent of internal 
pressure could be induced in the cantilever beam so that strains 
due to bending could be isolated from those due to internal pres- 
sure. Some variations between gages resulted. Further investi- 
gation revealed that these variations were due to differences in 
technique of application, such as, variation in thickness of the 
cement layer between metal and gage, air bubbles, etc. 

Fig. 5 shows results obtained using an inside reference gage. 
Briefly, the conclusion is that SR-4 strain gages are reliable at 
least up to the maximum test pressure of 5000 psi if applied cor- 
rectly. 

For the large vessel tests it is customary to use a dummy gage to 
correct for temperature changes. When measuring stress under 
hydraulic pressure, this dummy gage is placed inside the vessel 
for the inside gages. The dummy-gage specimen is of course in 
compression on all sides and will show a compression strain. 
Gages on the inside surface of the vessel have pressures radial to 
the surface, and a Poisson’s ratio effect is present for both dummy 
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and test gages. The theoretical correction for pressure on a 
dummy block will be as follows 


PL — 2) 
E 
= P (1 — 2u) psi 


Apparent strain «, = 


Stress correction = E «, 
in which: 
internal pressure, psi 
modulus of elasticity 


= Poisson’s ratio 
= apparent strain 


tsetse, 
ll 


fu) 


a4 


These corrections are negligible in the testing of drums and 
pressure vessels at comparatively low pressure, and in most cases 
have been neglected. 


INSTRUMENTATION 


SR-4 strain gages from 1/; in. to 6 in. gage length, and rosettes 
of various types have been used. The original tests were made 
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with the Baldwin-Southwark galvanometer-type control box. 
Later, the electronic SR-4 strain indicator greatly increased the 
facility of taking strain data. The latest-type K strain indicator 
is now used. A six-channel Brush Development Company pen- 
and-ink recorder and amplifier setup is now in use on some dy- 
namic measurements. These are also applicable to measuring 
stresses during fatigue tests which will be described later. 

Although from an electronic point of view stranded lead wire 
for the multiwire plug may be desirable, solid wire is essential to 
prevent leakage. Consequently, solid wire of sizes from No. 22 to 
No. 18 gage have been used in all high-pressure work. 

For switching from one gage to another in a multiple setup, 
plugs similar to those used on household appliances, such as 
toasters, irons, etc., have proved quite satisfactory. These 
double-terminal plugs were very simple and enabled rapid manual 
changing from gage to gage. With two men, several hundred gage 
locations can be read in one hour. The hydraulic pressure is of 
course held constant during this interval. 

Figs. 6, 7, and 8 show arrangements of representative jobs. 
The outside views show the terminal board in place. It has been 
found that the material from which this terminal board is made is 
critical. It should be of a moistureproof material. This require- 
ment also applies to more modern switching arrangements in- 
cluding multipoint tap switches and automatic switching units. 


FatiGuE TESTING 


There are many cases on record and in the literature where 
pressure vessels have been tested to destruction under hydraulic 
pressure. These vessels usually fail at pressures from 3 to 5 times 
the allowable working pressure. In those instances where the 
pressure vessel was made of one of the regular boiler-plate ma- 
terials, the failure generally occurred after very considerable dis- 
tortion of the original shape.. The relatively large amount of 
plastic deformation, which of necessity occurs in the weakest sec- 
tion of the design, goes so far beyond the operating strain range in 
these locations that the final values have very little bearing on the 
behavior of such a vessel in regular operation. It has been argued 
successfully that in the final stages of a static-pressure destruc- 
tion test, one will not be testing the same shape nor the same ma- 
terial as that of the original vessel. Therefore it would be more 
to the point to test the design in a shape and condition similar to 
actual service. 

It is for this reason that considerable work has been done on 
testing pressure vessels under conditions of pulsating fatigue from 
zero to a maximum internal pressure. Although this type of test 
does not simulate the service conditions of many types of pressure 
vessels either, it does bring out points of severe stress concentra- 
tion, or is a means of demonstrating that such stress concen- 
trations do not exceed those that are unavoidable in pressure- 
vesse] design. Where a boiler drum, for example, may be subjected 
to but a few hundred major cycles during its service life, a 
pulsating fatigue test of 100,000 cycles at or above working pres- 
sure will establish confidence that the design does not contain 
regions of severe strain which could result in premature failure. 
Although a more pertinent test is desirable, none has so far been 
devised except for the high-temperature fatigue test described 
later, where operating temperature is taken into consideration. 

As long as the test pressure did not exceed the hydraulic line 
pressure available, the pulsation fatigue tests were conducted by 
means of a motorized valve. This device admits water from the 
hydraulic system to the test drum and discharges the volume ex- 
pansion after a certain predetermined maximum pressure has been 
reached. 

When drums with a design pressure of over 1000 psi had to be 
tested, the 1500-psi hydraulic pressure was insuflicient to produce 
pulsation for 11/, times working pressure. Hence it was decided 
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Fic. 6 Exrprnat Vipw or Drum SpecimMen WiTH REINFORCED 
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Fic. 7 Insipr Virw SR-4 Test Serup SHowine GaGE-WIRING 
ARRANGEMENT AND NOZZLE OPENING 


Fic. 8 Insipp View SHowrne SR-4 Gace Test Setup in STIRLING 
BorteR Mup Drum 
(This drum had been subjected to severe overpressure.) 


to build an apparatus that would extend the pressure range up to 
6000 psi. 


TRANSACTIONS OF THE ASME 


JULY, 1950 


The energy required to pump water at the rate necessary for 
testing full-size specimens up to a pressure of 6000 psi and then re- 
lease it, amounts to about 450 hp. This not only would be a 
sizable piece of apparatus but would become quite expensive for 
continuous testing in so far as power is concerned. It was there- 
fore thought economical to build a balanced apparatus in which 
only the frictional forces would have to be overcome. This ap- 
paratus consists of two opposed plungers actuated by a central 
cam, as shown diagrammatically in Fig. 9. Each plunger is con- 
nected to a closed hydraulic system completely filled with water. 
In many tests two drums will be tested simultaneously, one on 
each plunger. When only one specimen is to be tested the op- 
posing piston is connected to a balance or “dummy” drum to form 
the elastic counterpart. 

When a plunger is pushed into the cylinder, the water in the 
system is compressed up to the end of the stroke, and on the re- 


i 16-6: 


CAM RP M-I7 ! 
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Fie. 9 Diagram SHOWING CaM AND ROLLER MecHANISM OF PUL- 
SATOR 


turn stroke the plunger is forced outward by the elastic action of 
the compressed water. Disregarding friction, the work done by 
forcing the piston in is equal to the work delivered when it is 
pushed out. By opposing two plungers and actuating them witha 
suitable cam, the actual energy input can be reduced to frictional 
losses only. The shape of the cam, however, has to be designed 
so that the torque required by the ingoing plunger is equal to the 
torque delivered by the outgoing plunger. 

Referring to Fig. 9, the shape of the cam must satisfy the follow- 
ing relationship 


Fi X M = Fy X Nz 
where 
F resultant of P and Q 
N = radius on which F operates 


P = proportional to plunger travel . 
Q = vertical reaction on crossheads 


Although there is a theoretical solution for the shape of the cam 
when the stroke and the diameter of the roller are known, the 
shape had to be approximated with four sections of circles to 
avoid making the machining of the cam too costly. A torque 
analysis of the final shape shows that the simultaneous torque 
curves very nearly overlap one another, see Fig. 10. 

The apparatus was equipped with a 75-hp motor. Only a 
fraction of this power has been necessary to drive it. The cyclic 
speed is about 17 pulsations per min for each plunger. Plungers 


are 6 in. diam and have 24?/s in. stroke, providing a displacement 
of 687 cu in. 
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Tn order to avoid injury to operating personnel, test drums have 
been protected by heavy blasting mats made of °/,-in-diam steel 
cables. 

The heaviest vessel tested on this apparatus is that shown in 
Fig. 11, having an inside diameter of 46 in. and shell thicknesses of 
3°/:, and 4°/sin. The maximum testing pressure used to date is 
11/, times the working pressure of the specimens, or 3750 psi. The 
compressibility of water for room-temperature operation (100 F) 
is shown in Fig. 12. For large-size high-pressure specimens, the 
volume expansion still is several times the total displacement of 
the pulsator plunger. It is therefore necessary to displace the 
major part of the water volume in the specimen drum by a much 
less compressible solid. In the beginning pig iron was used for 
this purpose but when even this became a critical material during 
the war, it was found that dense paving brick made an excellent 
substitute. 

The elastic displacement during a pressure cycle is due, for the 
major part, to the compressibility of the water and to a lesser de- 
gree is a result of the dilation of the vessel under the action of in- 
ternal pressure. These values can be calculated from known 
equations as long as the physical constants of the material are 
known. 

In most tests the pulsator was operated only during working 
hours, with rest periods at night and over week ends. One run 
would consist of 100,000 cycles, after which the specimen drum 
was carefully inspected, visually and with magnetic-particle 
technique. The first run is usually conducted at working pressure, 
others at higher pressure up to 1.5 times working pressure. 

In so far as boiler service is concerned, the first run would dem- 
onstrate that, from the point of view of cyclic loading, the drum 
is good for many times its natural service life. The second and 
third run are superimposed to obtain additional information as to 
its margin of strength and its ability to withstand considerable 
overpressure on infrequent occasions. 

It is realized that the stepwise increase in cycle pressure will re- 
sult in somewhat better fatigue life than would be obtained on a 
straight run. This procedure was followed only as a matter of 
economy in testing time. If the cycle pressure is chosen too low, a 
test to failure would last indefinitely at the slow speed of 17 rpm, 
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Fig. 12 CoMPRESSIBILITY OF WATER AT VARIOUS TEMPERATURES 


and if chosen too high the number of cycles to failure might be so 
few that the test could be considered insignificant and not justify 
the high cost of the specimen. The extra number of cycles that 
may have been obtained from the ‘“‘coaxing”’ effect can easily be 
discounted in the large margin of fatigue life obtained on a prop- 
erly designed vessel. Failures like those shown in Fig. 13 bring 
out stress-concentration points at which design improvements are 
required. 

The pulsation test on all important specimens is preceded by an 
experimental stress analysis, as shown in Fig. 14. Lately the ex- 
perimental stress analysis in turn has been preceded by a brittle- 
lacquer test cycle to determine points of maximum stress, and to 
indicate the best location for the SR-4 gages for measuring maxi- 
mum stresses. 


Stow Cyrcie Test 


When observing a vessel that is being subjected to fairly rapid 
cycles of pulsating pressure, there appears to be a difference in 
response to this type of cycle compared to bringing the pressure up 
to the maximum and then holding it there. In heavy vessels, 
a time factor or a brief period of readjustment seems to enter. 
This is particularly noticeable when the drum contains a multi- 
plicity of closely spaced expanded tubes. 

In testing the specimen drum shown in Fig. 15, this observa- 
tion led to a change in the pressure cycle. For this specimen, 
which contained six 4!/-in-diam, four 3!/i-in-diam, twenty 
2-in-diam, and ninety-four l-in-diam tube holes, the pressure 
cycle was as follows: 

After opening the hydraulic valve, the pressure was allowed to 
rise to the maximum test pressure, was kept there for 21/, minutes, 
and then released by opening the discharge. After 2'/, minutes at 
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Fria. 13 View SHowrne Faticue Farture 1n HicH-PREssURE- 
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Fig. 14 Ovursipr Virw or HicH-PrREessuRE-DrRUM SPECIMEN SHOW- 
inc Puspout DowNcoMER CONNECTION ON NEAR HEAD 


zero pressure, the cycle was repeated. This cycle seemed to be 
more severe than the continuous cycle without rest periods. At 
11/2 times working pressure, several leaks were developed on the 
expanded tube seats. This was particularly true on the small- 
diameter tubes and provided an opportunity to improve the 
method of expanding this size tube. Fig. 16 is an inside view of 
the tube ligaments. 


Hicu-TEMPERATURE FATIGUE TEST 


All the tests described were conducted at room temperature. 
Under actual service conditions, however, the metal of the drum is 
exposed to saturated steam and water. It was therefore desira- 
ble to investigate the effect of temperature as well as the contact 
with steam and boiler water. An apparatus to perform a pulsat- 
ing fatigue test under simulated service conditions was designed 
to investigate this phase. 

Although this apparatus went through a few evolutionary 
stages, only the final arrangement will be considered here. The 
test was performed on scale models, since compressibility of high- 
temperature water is such that plunger displacement for full-size 
specimens is beyond the scope of practical possibilities. Com- 
pressibility values for water at elevated temperatures are given in 
Fig. 12. 


JULY, 1950 


EXTERNAL VIEW OF FULL-S1zE DruM SPECIMENS SHOWING 
Test Setup on Tuse LIGAMENTS 


Fic. 16 Insipr View or Test Setup on Tuse LIGAMENTS 


A diagrammatic arrangement of the test apparatus is shown -in 
Fig. 17. Since the hydraulic pulsations were provided by a high- 
pressure triplex pump, only three specimens or pairs of specimens 
could be tested at any one time. The inlet and discharge valves 
were removed from the pump so that the plungers only pulsated 
the water without actual pumping action. 

The specimens were placed in a 24-in. ID X 5-ft-long steam 
drum which was operated at a pressure of 2000 to 2500 psi. The 
location of the specimens was such that approximately one half 
was above the water line and the other below it. The water in the 
drum was representative of average boiler-water conditions, 
namely, a pH of 10.5-11, a NaSO; to NaCl ratio of 8 to 1, and a 
total solids concentration of 1500-2000 ppm. 

The inside of each specimen is connected to one of the three 
plunger bodies of the triplex pump. The maximum pressure 
of the fatigue cycle was 7500 psi so that the pressure difference be- 
tween inside and outside of the specimens was 5000 psi. In 
parallel with the specimens in the steam drum, three similar 
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Fatigur-Test APPARATUS 


specimens were tested simultaneously under exactly the same 
conditions, except that their temperature was maintained at room 
temperature. They were paired with the three specimens in the 
steam drum on the same pulsing circuit and placed in individual 
headers. These headers were connected directly with steam drum 
so that the cold specimens were subjected to the same boiler water 
as those located in the steam drum. 

Leakage from the plunger packing is made up from the steam 
drum through three cooled make-up connections. They are pro- 
vided with a check valve, allowing water to flow from the drum to 
each of the pulsing circuits. This arrangement provides that the 
pressure in the pulsing circuits can never fall below the steam- 
drum pressure, thereby preventing flashing of the water in the hot 
specimens. 

Specimens were 6 in. ID and ?/sin. thick with heavy hemispheri- 
cal ends and about 24 in. long on the straight cylindrical part, as 
shown in Fig. 18. The cylindrical sections were made of regular 
11/,-in-thick boiler plate bent to a semicylindrical shape, welded 
together, and then machined inside and out. 


PRESSURE-CYCLE CONTROL 


The maximum pressure reached in the pulsing circuit depends 
upon the total water content of the circuit, the temperature of 
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this water, the dilation of circuit and specimens, and the plunger 
displacement. 

At the operating temperature of the hot specimens, the com- 
pressibility of the water is so great that a large percentage of the 
space in the specimen has to be displaced by a solid metal core. 

This core was made of such size that the maximum cycle pres- 
sure would rise above that necessary for this test. Some addi- 
tional water volume was then provided on the outside of the 
steam drum by connecting to each circuit a high-pressure buffer 
vessel somewhat smaller than the specimen itself. By regulating 
the temperature in the buffer vessels, the compressibility of the 
water contained in them could be varied at will, and thus the 
over-all compressibility of the circuit controlled. 


OPERATION 


F Great care has to be exercised in the operation of this test ap- 
paratus. When starting, the steam drum and all parts of the 
pulsing circuits containing high-temperature water have to be 
brought up to full temperature to insure maximum compressi- 
bility. The by-pass valves in the small lines sh6rt-circuiting be- 
tween the three plunger blocks are opened, after which the pump 
is started. While watching the maximum pressure on the pres- 
sure indicators, the by-pass valves are closed gradually. After the 
by-pass valves are closed, and the pulsing circuits are on their 
own, the cycle pressure is brought up to the maximum desired 
pressure by reducing the temperature of the buffer vessels. 

Considerable trouble was experienced due to leakage of high- 
pressure valves, particularly check valves and high-pressure relief 
valves. These troubles were gradually overcome by proper de- 
sign, and operation settled down to a watchful routine. 

The speed of the pump is only about 17 rpm so that testing 
proceeds at rather a slow pace. 


RESULTS OF FaTIGUE TESTS 


Full-Size Specimens. Quite a large number of pressure vessels 
have been tested by the authors’ company using techniques 
similar to those described. Some of the early tests were reported 
by Prof. H. F. Moore.’ The work reported was continued to in- 
clude various drum designs with and without tube holes. Later 
tests included banded vessels as well as many pressure vessels 
covering the range of thicknesses from 1/2 in. to 45/gin. Details of 
several of these test vessels and the results will be included here. 

Stirling Boiler Mud Drum. This drum had been rejected be- 
cause of laminated plate which caused difficulties in producing a 
satisfactory weld. It was made of SA-212 plate but no detailed 
physical data are available on the material. The design pressure 
was 200 psi for the completed drum with tube holes. It was 
tested before any tube holes had been drilled and therefore a pres- 
sure of 700 psi was used. Previous pressures up to 850 psi in pre- 
liminary testing had resulted in an amount of plastic yielding on 
the head which changed the manhead shape to one which approxi- 
mated a cone instead of the original dished shape. This drum 
underwent 100,000 cycles of pressure at 700 psi, which corre- 
sponded to an average stress range in the shell of 15,700 psi. A 
later strain-gage test on the head indicated that there were loca- 
tions having a stress range of 77,000 psi at this pressure. Not- 
withstanding the high stresses, this drum showed no failure after 
the test. 

Test Drum, Fig. 18. The test drum, shown in Figs. 15 and 16, 
was also made of SA-212 plate and included a total number of 
124 expanded tube nipples ranging from 1 in. diam up to 4!/2-in. 
diam. This drum was designed for a pressure of 980 psi at a stress 
of 22,500 psi in the shell proper. The drum was given 100,000 

5 “Tests of the Resistance to Repeated Pressure of Forged Riveted 
and Welded Boiler Shells,’ by H. F. Moore, Trans. ASME, vol. 53, 
1931, pp. 55-60. 
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cycles at 1078 psi pressure and 1400 slow cycles at 1470 psi pres- 
sure as described previously. Strain-gage tests have indicated 
stresses at various locations, as given in Table 1. 


TABLE 1 STRESSES IN TEST DRUM, FIG. 15 
Stresses, psi 


— 


Pressure, Tube 
Cycles psi ligaments Manhead Blank head 
4 980 23600 39400 35600 
WP 
100000 1078 26000 43300 39200 
1400 1470 34500 57500 51700 


The results of this fatigue test were leaks at some of the tube 
seats. This development resulted in changes in tube-expanding 
methods which will not be discussed here. There were no indi- 
cations of incipient failure in any of the other locations, such 
as the shell proper or in the head knuckles. 

Drum With Intentionally Faulty Welds. For another vessel a 
piece of rimmed steel, SA-70 plate, having laminations and non- 
metallic inclusions, was used for the shell and the blank head. 
The manhead was SA-212 plate. The thicknesses of shell, 
blank head, and manhead were !/2 in., 5/s in. and !%/j, in., 
respectively. This test was conducted to determine the effect 
of welding defects on the fatigue life of a vessel and both sub- 
merged-are welding and automatic multipass welding were used. 
The final failure was in a highly stressed section of the manhead 
knuckle, although incipient cracks also appeared in the defective 
longitudinal weld seam. The conditions of failure are described 
in greater detail in the companion paper by Carpenter.‘ The 
physical properties and chemistry of some of the parts of this 
drum are given in Table 2. 


TABLE 2 PROPERTIES OF PARTS OF TEST DRUM 


Blank head Shell Manhead Manhead 
Mitt Reports 0.505 IN. (AFTER TEST) 
Tensile, psi....... 56700 56600 79900 82900 
Yield point, psi... 36900 37200 42400 43300 
Elongation, per cent 32.5 32.0 30.7 28.8 


CHEMISTRY, PER CENT 


Cane tetom sls ings 0.21 0.21 0.28 
IVE ceteris 0.41 0.41 0.69 
Jo AS attain tos 0.015 0.015 0.012 
Sebo bc ace o.4Ou 0.040 0.040 0.027 
Cupmet ees. ero 0.32 0.32 0.22 
Siti Coc Jot 2 eer ae 0.20 


The stresses and cycles in the shell proper are given in the 
following tabulation, but due to stress concentration, the inside of 
the knuckle of the head has probable stresses as high as 35,000 psi. 
The series of cycles follows: 


13750 hoop stress 
15000 hoop stress 
20600 hoop stress 


100000 cycles at 560 psi pressure 
100000 cycles at 615 psi pressure 
161000 cycles at 840 psi pressure 


Even under these adverse conditions the vessel withstood 
a number of pressure cycles far beyond actual service require- 
ments both in number and magnitude. 

High-Pressure Drum. This drum, shown in Fig. 11, was de- 
signed for a working pressure of 2500 psi, and tested at pres- 
sures up to 3750 psi. The average ligament stress in the upper 
shell was 23,585 psi calculated in accordance with the 1943 
ASME Codes. This drum was made of SA-212 steel with the 
physical properties given in Table 3. 


TABLE 3 PHYSICAL PROPERTIES OF TEST DRUM 


Upper shell Lower shell 


Blatewhicknesstin... 5 oe os cet. 3 eek 3 9/16 4 5/g 
EDENSUAGINON PUL e DBL, o.c.00 S.4 suerobiascnavoe ue 70820 68250 
MWiclkdevOme Dsl: te ss hee Coto ee 36750 37500 
Elongation in 2 in., per cent............ 35 33 
Reduction of area in 2in., percent....... 56 55.7 
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The first point of stress concentration located was a failure in 
the sharp corner of the manhole-cover seat shown in Fig. 13. 
This occurred after 100,000 cycles at 2500 psi pressure and 
57,240 additional cycles at 3000 psi pressure. This point in 
the original construction was improved by a change in design. 
During the pulsating fatigue test this drum was subjected to the 
series of pulsations given in Table 4. 


TABLE 4 PULSATIONS ON TEST DRUM 


Calculated Maximum stress 
average range 
Pressure ligament, in 
Cycles psi stress, psi tube hole, psi 
100000 at working pressure 2500 23585 41800 test 
WP)... cet ee ee 

Tamoore’ 1.2 WP 3000 28300 512002 
100000 at 1.4 WP.. 3500 33000 59730¢ 

12000 at 1.5 WP 3750 35380 65500 test 


@ Values calculated from the average measured stress-concentration factor 
for this location of 1.81. 


The test was terminated after the cycles indicated, owing to 
a fatigue failure which resulted in a leak at a welded-tube stub 
in the upper shell. This was a radial crack starting at the in- 
side of the tube hole on the longitudinal center line. Further 
inspection revealed 13 such failures in the upper shell tube sheet. 
The test was dismantled and metallurgical inspection of these 
failures will be made. 

Model Tests. In the high-temperature fatigue tests, 15 speci- 
mens were tested, 9 of which were of the type shown in Fig. 18, 
and will be reported here. Of the latter, 4 were tested at room 
temperature and 5 in direct comparison in the steam drum at 
2000-psi saturated-steam and water atmosphere. All failures 
occurred in the weld or weld-affected zone, and all of them were 
in a longitudinal direction, i.e, transverse to the maximum 
stress. The test data are given in Table 5, and are plotted on 
logarithmic co-ordinates in Fig. 19. As a means of comparison 
an S-N curve for full-size welded specimens is also shown. The 
stress range of the cycle is not exactly alike, however, since the 
latter specimens were tested from zero to a maximum tension, 
and the model specimens were tested from a hydraulic compres- 
sive stress of the steam-drum atmosphere of 2000 psi to a 
maximum biaxial cylinder stress resulting from internal pres- 
sure. 

This comparison brings out the following: 


1 The test results of the cylindrical specimens are lower than 
those of the flat-plate specimens. 

2 In the scatter band there is no particular preference be- 
tween the points of the hot specimens and the cold specimens. 
There is apparently no significant change in the endurance 
limit resulting from the high-temperature steam-drum environ- 
ment. 


CoNCLUSION 


The foregoing testing techniques are the outgrowth of many 
years of pressure-vessel development work. They do not in 
every case result in data leading to absolute conclusions but are, 
rather, several approaches to the problem of reducing the wide 
margin for unknown factors in this field of engineering. By 
measuring stresses, by subjecting both model and full-size speci- 
mens to static as well as cyclic loading, and at room tempera- 
ture as well as under simulated service conditions, the back- 
ground of knowledge has been extended. The results attained 
are as follows: 


1 A reliable method of measuring stress on the inside surface 
of heavy vessels under high internal pressure has been developed. 


§ Bulletin no. 27, University of Illinois, Engineering Experiment 
Station. 
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TABLE 5 DATA ON CYLINDRICAL MODELS IN HIGH-PRESSURE STEAM-AND-WATER 


ATMOSPHERE 
Average 
Tensile Yield hoop Number 
; strength, point, Weld Stress stress, of Location of 
Specimen description oO. psi psi metal? relief psi cycles failure® 
Series A xX made of (1 77090 43390 A No 38000 49267 1 in. from longitudinal 
bent %/s-in. plate, | weld seam and paral- 
not polished, welds lel 
ground flush (hot) 32 77090 43390 A No 43000 34289 Junction of long and 
girth weld 
ls 77090 43390 B No 41700 31360 Longitudinal weld 
seam 
Series D ® specimens ne 70000 40600 A No 31700 269000 Edge of longitudinal 
made of bent 3/s-in- to to weld seam 
thick plate, medium 74600 48700 
polish inside and out- 2 A Yes 32800 340000 Girth weld seams 
side (hot) 3 B No 34500 76000 Longitudinal weld 
seam 
Series F ©; hot speci- 1 A Yes 35000 105212 Longitudinal weld 
men made of SA-212 steam space 
plate, machine in- 2 A Yes 35000 192085 Longitudinal weld 
side and outside (see steam space 
Fig. 18) 3 74700 52160¢ A Yes 33600 306018 Longitudinal weld 
steam space 
4 A Yes 34000 186221 Longitudinal weld 
steam space 
5 A Yes 33200 242123 Longitudinal weld 
water space 
Series G GJ; room (1 72180 46090° A Yes 33700 54942 Longitudinal weld 
temperature, speci- |2 A Yes 35200 219611 Longitudinal weld 
mens same as Series a A Yes 34400 247958 Longitudinal weld 
F 4 A Yes 33600 268550 Longitudinal weld 
WOU GINOGAL alert ccc screerentie ec 71500 79990 on test plate longitudinal and transverse are approximately 


equal 


2 Electrode designation: 
electrode. 

b All failures were longitudinal cracks; 
chanical weld defects. 


A, Carbon-moly coated electrode (0.33 C, 0.5 Mo); B, 25 Cr 20 Ni coated 


i.e., transverse to the maximum stress, starting at small me- 


© These physical properties were determined on one hot and one cold specimen after test. 


100,000 
80,000 'SFOR FULL SIZE PLATE | 
60,000 SPECIMENS. [UNIV Ones 
‘ = ILLINOIS, BULL. #327,PG.25 
$0,000 § -——_] ——_—_— , ) 
40,000 a ieee ade 
30.000 w ee 
n 
ied 
20,000 & | 
yn 
10,000 
eS eee s toms 
3 ° Di He) VOrrmrre. Age  S 
fo) fo) [e) [o) 3 
e iw am 2 x ie 5 o. 
NUMBER OF CYCLES TO FAILURE 
Fic. 19 Somer Resuuts on CYLINDRICAL SPECIMENS SUBJECT TO 


Cyrcuiic PULSATION 


> = Specimens in series A of Table 1 
@ = Speciffiens in series D of Table 1 
© = Specimens in series F of Table 1 
OJ = Specimens in series G of Table 1 


This work resulted in the use of oil as a pressurizing medium. 

2 A simple and reliable device for bringing a multiplicity of 
gage wires through the wall of a pressure vessel in a manner 
suitable for accurate strain-gage measurements was designed 
and successfully used. 

3 A method has been developed to isolate the effect of hy- 
draulic pressure on SR-4 gages and to calibrate them in a setup 
employing an inside “dummy.” 

4 An apparatus has been designed and built for pulsating 
full-scale pressure vessels economically up to a maximum pres- 
sure of 6000 psi at room temperature. 

5 A method of pulsating model vessels in an atmosphere 
of saturated steam and water at elevated pressure and tempera- 
ture has been built and operated, and a limited check made to 
determine the effect of such an environment compared to that of 
room-temperature water. 


As the problem of pressure-vessel design at the present time is 
under intensive investigation, it is hoped that this work will 
contribute in some small measure to developing the optimum 
design from an economic, engineering, and service point of 
view. 


Discussion 


Henry LizessenBera.’? The authors stated that in applying 
the slow cycle test, which had proved more severe than the first 
pulsation test, leaks developed on the expanded tube ends, 
particularly on the small-size tubes. It would be helpful if the 
authors would state whether tube expansion was controlled by 
the elongation method, or what other method for control in ex- 
panding was applied; also the amount of expanding before test 
and additional amount of rerolling required to eliminate leakage. 

The authors are to be congratulated on the brilliant conception 
of their high-temperature fatigue test, even if small models had to 
be used. It is interesting that the test indicated practically no 
difference in number of cycles between hot and cold specimens. 
It is the writer’s belief that if the shell is exposed to furnace gas, 
which is of much higher temperature than the inside water tem- 
perature as used in model test, different results would be encoun- 
tered. To conduct such a test would require considerable ex- 
penditure. It would be helpful if the authors would state to what 
percentage failures occurred between longitudinal and circum- 
ferential welds, or if all failures occurred in longitudinal welds only, 
as well as type of failures. Did any failures occur in the attach- 
ment weld of the tube nipples? 

The statement that endurance-limit tests on cylindrical speci- 
mens are considerably lower than on flat-plate specimens is in 
agreement with previous conclusions, i.e., that in a curved 
plate, as used in drums, initial residual stresses due to rolling, 
pressing, or forming are never fully eliminated by annealing. 

Were microphotographs taken of weld and adjacent plate be- 
fore test and after failure to indicate possible change in grain 
structure under fatigue test? If so, will the authors supply such 
photographs for study? 

H. L. O’Brien® 


AND E. WertTtTerstroMmM. The discussion 


7 Combustion Engineering-Superheater, Inc., New York, N. Y. 

8 Research Engineer, Graver Tank and Manufacturing Company, 
East Chicago, Ind. Jun. ASME. 

9 Graver Research Fellow, Purdue University, Lafayette, Ind. 
Mem. ASME. 
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which follows has a twofold purpose: Primarily, the mathematical 
development of experimental techniques for analyzing biaxial- 
stress conditions is directed toward the end of illustrating that the 
authors’ assumptions are accurate within the limits of their test. 
Nevertheless, it is to be pointed out that appropriate corrections 
must be made when the SR-4 electrical resistance strain gage is 
utilized under certain conditions of loading. 

The nomenclature resorted to in this development is as follows: 


&, 4, €& = strain as read, in./in. 

€, €1, €2 = actual strain, in./in. 
P = hydrostatic pressure, psi 
E = modulus of elasticity, psi 
= Poisson’s ratio 
S = stress, psi 


The basic equation of biaxial stress is!” 


EB 

Se a— 2) (ej matin) ty we ee chock {1] 
From this relationship it is apparent that the stress in any 
direction can be determined if the strain in that direction and the 
strain at 90 deg are known. When these strains are being evalu- 
ated by an SR-4 strain-gage circuit, there is no assurance that the 
strains are correct “as read,” owing to the difference in loading 
the active gage and the dummy gage. The former is subjected 
to pressure in one direction only, whereas the dummy gage is 
under pressure from all sides. These conditions are illustrated 

in Figs. 20 and 21, herewith, along with the co-ordinate system. 
Writing the equation for strain in the stressed body, we obtain 


P Se S; 
= SY ite oh ee eee ate 2 
é ri Route [2] 
de S» Si 
Ae gee OS ie tne VN A eS Chelios. c Me 3 
€ eit lap ra [3] 


A solution to simultaneous Equations [1] and [2] is obtained 
by multiplying Equation [3] through by » and adding 


he So 4 Si 
Goh BK E vd E 
— ea 2 aa S2 erate Si 2 
Mee gt EY rae 
IP S 
(a + pe) = E (ie Sree ite A Cau") 
S BP 
Then A (Pat) = (a ines) ee ae [4] 
Introducing the argument « = & —— e Equation [4] may be re- 
written as 
S JE 
a (1 — vw?) = Llie—e + we — €o)] — (u + p?) 
S le 
a (lm) = [a + ute — afl + i) ae meta?) 


Substituting «9 = (P/E#)(1 — 2u) we obtain 


Si 


PB, 1 
ii ee) eat eee Ep (1— 2u (1+ a) — 5 (u + py?) 


10 “Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, p. 162. 
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(COMPRESSION) 
Fic. 20 Dummy Gace Buock Suspsect To PressuRE From ALL 
DIRECTIONS 
uu Va Oa 
€= €-€, 
e7 €- Bu-2p) 
3, 
P#S, | 
Ss, ji 
Fig. 21 Active Gace SuspsecT TO PRESSURE FROM ONE DIRECTION 


ONLY 


Clearing Equation [5] results in a stress relation 


E 4 : IE 
S, = a=2 E =k [len) ia = Chicas “| eres [6] 
A more useful form of Equation [6] may be expressed when each 
side of the equation is divided by P 


Si; E * - 
See Oo [7] 
and 
S2 E . : 
= p= 2) (eo ke) eee [8] 


The ratio S/P: D/t illustrates that thick-wall cylinders have a 
low S/P value. For this reason the constant ‘1’? becomes in- 
creasingly significant as the shell thickness increases. 

Example: A cylinder of 46 in. ID is 4in. thick. The theoretical 
Lamé stress at 2000 psi internal pressure is 24,100 psi. The corre- 
sponding S/P ratio is approximately 12 units. If this same stress 
is determined experimentally by using the SR-4 strain-gage read- 
ings in Equation [1] of this discussion, the ratio of S/P will be 
13 units; the discrepancy is accounted for only when Equation 
[8] is utilized. An error of 1/1; = 7.7 per cent is encountered in 
the use of Equation [1]. 


L. P. Zick. If the G-E magnetic gage were substituted for 
the DeForest scratch gage, the history described could very 
easily pass as a description of our own early activities in this field. 
The SR-4 strain gages and equipment now dominate our work. 
However, our techniques and methods and those of the authors’ 
company have taken quite different paths, the chief difference 
being that we have used water (with all its troubles), as the pres- 
sure medium because of the size and the corresponding lower 
pressures of the vessels tested. 1? 


Experimental Stress Analysis. The method of keeping the 


1 Research Engineer, Chicago Bridge & Iron Company, Chicago, 
Tl. 

2 “Strain Gage Survey Around the Supports of a 48-Foot Diameter 
Hortonsphere,”’ by L. P. Zick and C. E. Carlson, Proceedings of the 
Society for Experimental Stress Analysis, vol. VI, no. II, pp. 41-60. 
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liquid level below the gage locations should surely save some 
difficulties. However, one word of caution—if separate leads of 
any length are used they, too, should remain above the liquid. 

The cantilever bar tests showing the reliability of the strain 
gages under very high pressures is certainly encouraging. 

Fatigue Testing. The method and test ranges for the fatigue 
tests gain additional merit in that the authors realize that the 
values of the various ranges vary. On the other hand, the state- 
ment, ‘After the initial proof test of 11/2 or 2 times working pres- 
sure there will be no further plastic deformation in the vessel 
during its entire service Jife,” rightly or wrongly, seems to ignore 
the Bauschinger effect and strain-aging. The observations dur- 
ing the slow-cycle testing also seem contrary to this statement. 

The use of double balanced plungers with the activating cam 
combined with the use of noncompressible ballast is an ideal ex- 
ample of a method revelation which will probably save someone 
else time, trouble, and expense. 

High-Temperature Fatigue Test. The high-temperature fatigue 
tests are very interesting and have required considerable plan- 
ning. The statement that all the specimens to date have failed 
in or near the weld does not agree with the results found by Pro- 
fessor Wilson. Has the possibility of a difference in welding tech- 
nique been studied as a source of reduced fatigue strength? 


AutTHorsS’ CLOSURE 


We greatly appreciate the favorable comments of many engi- 
neers and acknowledge that our techniques may not apply in 
many applications which we did not cover. We will attempt to 
answer some of the detailed questions which have been sub- 
mitted. 

Mr. Liessenberg has asked for details on the tube-expansion 
method. Most of these tubes, especially the small size, were 
ball drift-expanded and, since the ball has a specific size, the 
amount of expansion does not need control by additional means. 
As to the amount of expansion before test and any additional 
rerolling, it is true that some repetition of expanding was neces- 
sary. In fact, the complete set of smaller tubes was replaced 
during tests of various tube seat designs. 

Exposure of the high-temperature specimens to hot gases 
undoubtedly would have an effect on the results, but this effect 
becomes of real importance only on the heavier walled vessels. 
Our particular interests were in applications where this contact 
with hot gases is not present, since most of our high-pressure 
boiler drums are either outside the furnace proper or have ade- 
quate protection against the hot gases. In order to give a more 
complete record on the high-temperature tests, Table 5 was 
added to the final paper. The last column in this table and 
note (b) show that all of the failures were longitudinal cracks 
resulting from circumferential stresses. Out of fifteen failures, 
only one was at a girth seam, and one at the junction of a girth 
and longitudinal seam, but even these were in a longitudinal 
direction. 

A metallurgical investigation of some of the failures indicated 
that they were initiated at minute, mechanical, weld defects, 
such as entrapped slag or small gas pockets. There were no 
failures in the tube-nipple connection welds. We regret that no 
microphotographs of the weld and plate were taken before the 
test for the comparison of grain structure. Such photographs 
of this location after failure are available, however, and we will 
be pleased to supply them for study. 

Messrs. O’Brien and Wetterstrom have contributed a satis- 
factory algebraic combination of the strain-gage correction and 
the effect of pressure radial to the inside surface. 

This combined formula is not applicable in at least two cases. 
Of first importance in this is the study of the actual unit strains 
which are present with relation to yield points, plastic flow, and 


residual stresses. Another case is where an external dummy 
gage must be used with inside gages. In the latter case the 
radial pressure inside must still be evaluated without the 
“dummy” block correction. In studying true-strain values, 
the dummy strain correction alone must be made since the 
effect of radial pressure at the test location is part of the study. 

For the tests in which they are applicable, the formulas of Mr. 
O’Brien and Mr. Wetterstrom give the same stress result as our 
procedure. However, we believe it is highly desirable to con- 
sider stresses in a three-dimensional system and not to confuse 
corrections with actual stresses. Our interpretation is then as 
follows: 


1 The compression of the inside dummy gage block due to 
pressure results in a false strain reading for the test gage. This 
is, therefore, a true correction which must be made, and the value 
for this “apparent strain e,” was given in the original paper. 

2 The effect of pressure on the test location is not a correction 
but a true stress which must be included in the triaxial stress 
system. This evaluation must then be made by use of the basic 
strain equation as follows: 


1 
a= 5 (Si — # Se — w Ss) 


in which S; becomes the pressure. This should not be interpreted 
as a correction, but is a true existing stress radial to the surface. 

3 Our usual approach then is to make the strain correction, 
caused by the dummy compression, on all the strain readings in 
inside gages. This is a true correction, similar to those made for 
gage factor resistances outside the instrument range, temperature 
differences, etc. The pressure is then evaluated as an existing 
stress in a three-dimensional system. 


We agree that for the particular purpose of plotting the S/P 
ratio for inside gages, as is done in some of the PVRC projects, 
for example, the formula proposed by Messrs. O’Brien and 
Wetterstrom is a useful short cut. It must be used with con- 
siderable caution, however, in the applications described above. 

Mr. Zick cautioned about keeping the leads out of the water, 
which we agree is necessary. In the case of the vertical vessel, 
the leads were definitely kept above the water. The drum in 
Fig. 1 of the paper was provided with a gage glass at a location 
that made it possible to observe the water level if it should rise 
above a maximum allowable level. 

Concerning the Bauschinger effect, we believe that a properly 
designed pressure vessel would not have stress ranges equal to 
the range between tension and compression yield points. We 
believe any strain-aging effect will be insignificant because of 
insufficient deformation occurring in the pressure vessel. 

The particular application of the slow cycles and the time ele- 
ment required involved expanded tubes where there was rela- 
tive motion between surfaces held together primarily by fric- 
tion. We believe it is more important in this study than in the 
major part of the pressure vessel. The statement regarding the 
behavior of a vessel after the initial proof test only appeared in 
the first draft and after due consideration was deleted, but not 
in time to correct the preprints. 

Mr. Zick also mentions that the fatigue data do not agree with 
those obtained by Professor Wilson and asks whether differences 
in technique can be the answer. 

This is quite likely since the weld deposit and basic weld rod 
may be considerably different from the tensile plate investiga- 
tions of Professor Wilson. An additional effect of a difference in 
environment is also a possibility. Other differences of course in- 
clude the biaxial stress condition in the cylindrical specimens as 
well as size effect and speed of testing. 


Effect of Pressure on the Combustion of 


Pulverized Coal’ 


By T. T. OMORI? ann A. A. ORNING? 


A theoretical study of heat transfer to a sphere suspended 
in cold air and suddenly exposed to radiation from a 
high-temperature source indicated an effect of air pressure 
which had not been disclosed by previous theoretical 
studies relating to the ignition of pulverized coal in air 
suspension. Experimental investigation, in the absence 
of an extended flame so that the source of radiant heat 
could be independently controlled, showed an adverse 
effect of elevated pressures upon completeness of com- 
bustion which was much larger than a beneficial effect 
of increased partial pressures of oxygen. It appeared that 
increased pressure, through a lower initial heating rate, 
produced less reactive combustion residues which lost 
ignition before combustion was complete. Complete 
combustion could be obtained only by increasing the radi- 
ant intensity responsible for ignition. 


INTRODUCTION 


ITH the appearance of the gas turbine as an economical 

\ \ prime mover, considerable interest has been aroused in 

the combustion of fuels under pressure. Experience 
with gas turbines has shown that liquid fuels can be burned under 
pressure with good efficiency at extremely high burning rates in 
terms of heat release per unit volume. While pulverized coal can 
also be burned in such units at very high combustion rates, at 
least as compared to steam-boiler practice (1),4 it has appeared 
more difficult to avoid high combustible losses in the fly ash. It 
might seem that such losses could be reduced by the simple provi- 
sion of more combustion space. However, it will appear that 
added space will not improve combustion unless proper attention 
is given to flame conditions. 

A study of the ignition and combustion of individual particles 
of pulverized coal under atmospheric pressure (2) showed that 
the temperature responsible for ignition, presumably through its 
effect upon the initial heating rate of the fuel as it entered the 
furnace, had a marked effect upon the ability of residual particles 
to maintain ignition. Maintenance of ignition was found to be 
dependent upon the ability of the burning particles to maintain 
sufficiently high temperatures, certainly higher than 1000 and 
possibly on the order of 2000 C. Accordingly, except possibly in 
hot slagging furnaces, burning residues must maintain tempera- 
tures considerably above those of their surroundings if good 


1 Abstract from a thesis by T. T. Omori in partial fulfillment of 
the requirements for the degree of Doctor of Science in Chemical 
Engineering at Carnegie Institute of Technology. 

2 Formerly Member of Staff, Coal Research Laboratory, Carnegie 
Institute of Technology, Pittsburgh, Pa.; present address: Cali- 
fornia Institute of Technology, Pasadena, Calif. 

8 Member of Staff, Coal Research Laboratory, Carnegie Institute 
of Technology, Pittsburgh, Pa. Mem. ASME. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., November 27-December 2, 1949, of 
Tur AMERICAN Society OF MrcHANIcAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters Janu- 
ary 9, 1950. Paper No. 49—A-72. 


combustion of such particles is to be maintained as they move out 
of the flame into cooler parts of the furnace. 

Since subsequent loss of ignition appears somehow related to 
the conditions under which ignition occurs, the various theoretical 
studies of the ignition of pulverized coal are of particular interest. 
These studies involve the calculation of the temperature history, 
prior to ignition, of a particle suspended in air and suddenly ex- 
posed to a high-temperature source of radiant heat. 

Nusselt (3) calculated theoretical ignition times of various fuels 
on the assumption that a spherical particle received heat by radia- 
tion from the furnace walls and lost heat by conduction into the 
particle and into surrounding gases. However, some of the basic 
assumptions made were of doubtful validity. An infinite thermal 
conductivity of the particle, a simplifying assumption facilitating 
solution, was implied though not explicitly stated. Further, the 
heating of a particle to its ignition temperature is a transient 
phenomenon; the assumption of a steady-state heat-transfer co- 
efficient between particle and surrounding gas is subject to ques- 
tion. Nusselt gave his heat flow equation in the form 


dt, =e pEseL, . = : , ae 7S 
(4/3) apc eu oo (#3) (Zs) | 47a 4rak(t, — to) 
[1] 


a = particle radius 

c = specific heat per unit weight of particle 

o = radiation constant 

@ = radiation-angle factor 

t, = particle temperature, deg C (7, deg K) 

t,, = radiation temperature of furnace walls, deg C (T,,, deg K) 

t) = temperature of air and of particle at @ equal zero; also, 
temperature of air at infinite radius 


k = thermal conductivity of air 
p = particle density 
6 = time 


The term to the left of the equality is the rate of heat absorp- 
tion, assuming infinite thermal conductivity for the particle. 
The first term on the right is the rate at which heat is received 
by the particle due to radiation from the furnace walls, while the 
second represents loss by conduction from the particle to sur- 
rounding air. The second term can be derived by assuming that 
heat flow to the surrounding air is given by the steady-state 
equation 


dt 
—Anr2k — = 4rak(t, —to).:..:....+0.05 [2] 
dr 
which integrates to the form 
a 
t= - CE Sto) toe, BRD RAS UIA. [3] 
where 


r = distance from center of sphere 
= air temperature at distance r 


oe 
| 


This indicates that the temperature distribution in the surround- 
ing air was assumed to be proportional to 1/r. 
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Neglecting heat loss due to back radiation, Nusselt simplified 
his original equation to 


cpa? dt, TpeN a 
— — — to) — =|) Se Ao ack 4 
Be + k(t, — to) — goa (7) [4] 
which integrates to 
goa ( T. \* — 3k0/cpa? 
= ae > <7 ae il se /coa 76, 0).0 6 10.0 16 5 
t, =to + i (7) ( € ) [5] 
For sufficiently small times this equation may be approximated 
as 
RN OG, 
= f Seay nagerenaeobin sae memet 6 
erg Rade (7) cpa (6] 


This indicates an initial rate of temperature rise inversely pro- 
portional to the particle radius and to the heat capacity per unit 
volume of solid but independent of the thermal properties of the 
gas. 

For sufficiently large times the equation may be approximated 
as 


goa [( T., \4 
t, = to + k (7) GL bee ba eto ee [7] 


indicating final temperatures directly proportional to the particle 
radius and to the intensity of radiation, but inversely proportional 
to the thermal conductivity of the gas, a quantity which is essen- 
tially independent of pressure. 

Starting with a heat-balance equation which was essentially 
the same as Nusselt’s, Traustel (4) introduced a correction for the 
effect of a finite amount of excess air. This was accomplished by 
assuming that the average air temperature to which the particle 
was losing heat could be expressed as a function of time and a 
dimensionless quantity N, the ratio of heat capacities of the 
associated quantities of air and coal. The constant term ?,,, was 
replaced by a function of 6 and t,. Integration led to the form 


1 Cs l1—e-” bi 2Z (8) 
Ae cre 1 aed Tani oa a 
N 
where 
2ado Pie = 
DN Se | SN) noc Seow deaoowak ] 
ee) a 3 
320° ENS 
en rr 1 
cpk(t, — to)? (%) ue 
i= (: oe x) oy {11] 
Wee ces 


The limiting forms of Equation [8] are of particular interest. 
For sufficiently small times, such that the exponential may be 
replaced by the first two terms of its binomial expansion, the re- 
sult is identical with that obtained for Nusselt’s equation, indicat- 
ing an initial heating rate independent of the excess amount as 
well as of the thermal properties of the air. For sufficiently large 
times, such that the exponential may be neglected, the equation 
becomes 


ste all N2a A 30 ie re 
— oT 
; 100/ L(N +1)" (N + Lepa} |) aed 


With infinite excess air, this is identical with the final limiting 
form of Nusselt’s equation, while with finite excess air it indicates 
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a final rate of temperature rise proportional to the ratio of the 
heat capacity of the coal to the heat capacity of the coal plus the 
air. 

Traustel’s analysis involves all of Nusselt’s assumptions, both 
failing to find any dependence upon pressure if proper account 
is taken of the ratios of heat capacities. Accordingly, it would 
appear desirable to examine the heat-transfer system more rigor- 
ously. The coal particles, suspended in relatively cold gas ini- 
tially at the same temperature as the coal, are suddenly introduced 
into a hot furnace. Heat transfer to the particle surface from the 
furnace can be assumed to be by radiation through transparent 
gas. Over the interesting range of surface temperatures, the 
fourth power of the absolute surface temperature can be neglected 
as compared to that of the source of radiant heat. The rate of 
heat transfer by radiation to the surface depends only upon the 
radiation temperature and the extent and character of the particle 
surface. .Under these conditions, the surface can be considered 
as a heat source of constant strength. Heat loss from the surface 
is by conduction into the particle and into the surrounding gas. 

Though general solutions of the problem as posed have not been 
found, the solution for a spherical heat source of constant strength 
with heat diffusing both inward and outward, the two regions 
having the same thermal properties, has been given by Carslaw 


(6) 
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where @ is the strength of the spherical source (Carslaw’s gpc). 

Integration by parts followed by expansion in a power series, 
and omission of all but the leading terms leads to an approxima- 
tion valid within 1 per cent when 
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where to is arbitrarily added as the air temperature at r = ©. 


For large times the temperature outside the sphere varies as 1/r 
as assumed by Nusselt. With air at 100 C and r slightly greater 
than a, the minimum time at which the expressions are valid is 


Ca. (COS ING2E an eae che te ae ee [16] 


where P is expressed in atmospheres, and a in centimeters, Fora 
100- and 200-mesh particle, each in air at 1 atm pressure, these 
times are 0.0043 and 0.0011 second, respectively. 

Accordingly, after a few milliseconds, the inward heat flow be- 
comes comparatively negligible and the outward flow becomes 


ut Arka(t, = to) 
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Comparison with the assumption made by Nusselt 
Qy = Anka(t, = to) vein teins [18] 


shows that Nusselt underestimated the outward heat flow by 
failing to include the factor 
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This factor applies to a system having the same thermal prop- 
erties within and without the sphere. With dissimilar materials, 
coal and air, the system may be assumed to have reached a 
quasi-steady state after a few milliseconds, and the estimate of 
outward heat flow as a function of the density and thermal 
properties of, and the temperature drop through, the air is proba- 
bly fair. Estimated corrections to be applied to Nusselt’s 
assumption are shown in Fig. 1. The corrections are strongly 
dependent upon pressure and indicate considerably larger values 
for the smaller times where estimates are not available. 
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Fic. 1 Corrections To Br Appiiep To Nusseut’s ESTIMATES OF 
OutwarRp Hrat-Fiow Rate 


These estimates have taken no account of relative velocities 
between coal and air. Rigorous solutions for the simultaneous 
conduction and convection problem are not available. An ap- 
proximate solution by Johnstone, Pigford, and Chapin (7) leads 
to an estimate of outward heat flow 


pao ADA pr oA kV pet hs eho [20] 


where D, is the particle diameter and V the relative velocity. 
The rate of convective heat loss appears proportional to the 
square root of the gas density and hence proportional to 
the square root of the total pressure. 

If there is any appreciable relative velocity between the particle 
and surrounding gas, an increase in pressure will tend to increase 
the rate of heat loss from the surface. Owing to the dependence 
upon temperature drop, this effect starts at zero and increases 
with time. A pressure effect arising out of the transient character 
of the heat-flow system should be superimposed. Since the latter, 
as shown in Fig. 1, is greatest at the start, the combined effect 
would be a continued influence of pressure upon the rate of heat 
loss from the particle into the surrounding atmosphere. This loss 
concerns only part of the heat-transfer system responsible for the 
initial temperature history of the coal particle. However, it is 
only this part which should depend upon pressure. Any other 
dependence must arise out of mechanical action such as restraint 
of particle swelling or cenosphere (2) formation. 

Since the solution for the heat-transfer problem, though not 
rigorous, indicated a decreased initial heating rate with increased 
pressure and, since there was a possibility of direct mechanical 
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action, an experimental investigation of the effect of pressure 
upon ignition seemed highly desirable. The investigation re- 
quired such “‘thin” streams of coal particles that ignition resulted 
from heat transfer from controlled wall temperatures rather 
than from a flame. Use of various partial pressures of oxygen was 
indicated to determine any pressure effects resulting from in- 
creased availability of oxygen. Provision had to be made for 
collection of combustion residues in order to determine the effect 
of ignition conditions upon ensuing combustion. 


APPARATUS AND PROCEDURE 


The furnace used for the study of the ignition and combustion 
of pulverized coal under pressure is shown in Figs. 2 and 3. The 
furnace was built in a 24-in. length of Shelby tubing, 6 in. ID and 
1/,in. wall thickness. A water-cooling jacket covered the central 
13 in. of the tube. The tube was mounted horizontally and pro- 
vided with a window along the center of the bottom side. A 
sheet of single-strength window glass was inserted about 1 in. 
above the pyrex-glass pressure window. A stream of secondary 
air, introduced between the two glasses and passed through 
nozzles around the upper glass, further protected the window 
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from the furnace heat and provided some upward air flow through 
the combustion space. 

The furnace insulation was cast from ‘“‘Hi-Temperatuye Fire- 
Crete” to provide support for the ‘“Globar” heating elements, the 
water-cooled feed tube, the ceramic outlet tube, and the alundum 
tunnel which limited the combustion space. Water-cooled end 
plates held the furnace elements in place and protected the elec- 
trical connections in the end compartments. A power input of 
4 kw brought the furnace to 1300 C, as indicated by an optical 
pyrometer sighted upon the inside of the alundum tunnel, but 
this temperature could not be maintained with full air flow. 

The coal was fed from a removable brass cartridge into the pri- 
mary-air stream by a screw-feed plunger assisted by a vibrator. 
Suitable isolation valves permitted reloading without depressur- 
ing the furnace. Any gas leakage through the plunger packing 
gland had to be by-passed around the cartridge to keep the coal 
from packing against the plunger. Orifice meters were used to 
measure the air-flow rates. The volume flow rates at furnace 
pressure and room temperature were held constant, 0.0053 cfm 
for the primary, and 0.177 cfm for the secondary air admitted 
past the window. These flow rates appeared to be optimum val- 
ues for carrying the coal through the 5-in. distance across the 
top of the tunnel and into the outlet tube. The transit time 
for the coal particles was somewhat uncertain. Based upon jet 
conditions it was 0.015 sec, while exit conditions would indicate 
0.065 sec, varying somewhat with exit-gas temperature. The 
removable outlet tube, 1/.in. ID and 18 in. long, had a side open- 
ing placed just over a filter plate ahead of the throttling valve 
used for pressure control. While some combustion residues fell 
to the observation window, the greater portion was always found 
in the outlet tube or on the filter plate. 

The percentage combustion was determined on the basis of ash 
analyses. Residues from the filter plate, from the outlet tube, and 
from the window, if any, were collected and analyzed individually. 
Any residues falling upon the hot surface of the outlet tube near 
the furnace cavity had to be discarded and ignored. While such 
residues had ample time for complete combustion in a tempera- 
ture-controlled reaction on the hot surface, no appreciable further 
combustion would have occurred had they been promptly carried 
out of the hot zone. : 

A retractable thermocouple was placed in the outlet tube. The 
thermocouple indication agreed with the optical pyrometer 
sighted through the window onto the inside of the alundum tunnel 
when no gas was flowing, but showed substantially lower tem- 
peratures with gas flowing. The optical pyrometer indication 
was taken as the temperature for correlation with percentage 
combustion. 


EXPERIMENTAL RESULTS 


The proximate analyses of the coals studied are given in Table 1. 
The degree of combustion of these coals in various atmospheres as 
a function of furnace temperature is shown in Figs. 4 through 10. 
Fig. 4 gives data for 100-140 mesh Pittsburgh seam coal in air at 
zero, 50, and 100 psig. Figs. 5 and 6 show similar data for Illinois 
No. 6 and Pocahontas No. 3 seam coals, respectively. The 
curves, relating the degree of combustion to furnace radiation 
temperature at constant pressure, show a progressive change in 
form as the pressure is increased and, to a lesser extent, as the 

TABLE 1 PROXIMATE ANALYSES OF COALS STUDIED 
Moist- Volatile Fixed 


ure matter, carbon, Ash, 
; per per per per 
Seam County cent cent cent cent Btu 
Pittsburgh Fayette, Pa. 1.9 Sac 57.0 0 eo O10 
Pocahontas 
No, 3 McDowell, W. Va. 0.8 ies 78.3 5.6 14,760 
Illinois No. 6 Franklin, I. 6.7 23.9 50.3 9.1 12,270 
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rank of the coal increases. The curve for the Illinois coal at 
atmospheric pressure is displaced furthest to the left and is every- 
where concave downward. The Illinois coal at intermediate pres- 
sure and the Pittsburgh and Pocahontas coals at atmospheric 
pressure show curves with points of inflection within the tempera- 
ture range explored. The steepest points of the curves for the 
Pittsburgh and Pocahontas coals occur at temperatures which 
had previously been shown to be the minimum for uniform igni- 
tion of these coals (2). The remaining curves must become con- 
cave downward as combustion reaches completion with furnace 
temperatures above 1100 C. Whatever the significance of this 
change in the form of the curves, it appears that higher furnace 
temperatures were necessary to obtain the same percentage 
combustion with higher furnace pressures or higher rank coals. 

Fig. 7 shows curves for 170-200 mesh as compared to 100-140 
mesh Pittsburgh seam coal. While the curve for atmospheric 
pressure is shifted upward and its point of maximum slope shifted 
somewhat to higher temperatures, the curves at the higher pres- 
sures are not appreciably different from those found for the 
coarser-sized coal. Similar studies at 50 psig showed insignificant 
changes for the Pocahontas coal and an upward shift of 5 to 10 
percentage points for the Illinois coal. Minus 200-mesh Pitts- 
burgh seam coal was also studied, Fig. 8. It was difficult to ob- 
tain reproducible results with this size coal. Based upon a num- 
ber of duplicate points for the atmospheric-pressure curve, large 
circles were drawn representing probable error limits. These 
show that a more involved curve than that shown is not justified. 
These curves all show points of inflection but the maximum slopes 
occur at higher temperatures than those found for coarser sizes 
of this coal. 

Figs. 9 and 10 show the effect of higher partial pressures of oxy- 
gen with the Pittsburgh seam coal. Proceeding to 50 per cent 
and 90 per cent oxygen in nitrogen mixtures, the curves, at each 
total pressure, move somewhat upward and to the left with in- 
creasing partial pressure of oxygen. However, the effect is not 
so marked as the depressive effect of increasing total pressure. 
The difference would be even greater if the pressure effect was 
taken at constant partial pressure of oxygen rather than at con- 
stant composition. Only at 90 per cent oxygen and 50 psi pres- 
sure was the effect great enough to make a substantial change in 
the form of the curve. 


INTERPRETATION OF DaTA 


In order to interpret the experimental data, it is necessary to 
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recognize the conditions under which the coal was ignited. The 
coal and the primary-gas stream entered together at the water- 
cooling temperature. The primary air entered as a jet moving 
through the secondary air which had some opportunity to ap- 
proach furnace temperature. The coal] probably remained within 
the jet long enough so that the hotter secondary gas had little 
chance to influence the ignition process. The two gas streams 
ultimately mixed but never reached the radiation temperature of 
the furnace walls. Thermocouple indications were always lower 
than the furnace radiation temperature and, with the furnace at 
1200 GC, fell to 600 C in the outlet tube where the thermocouple 
probably came nearest to measuring the gas temperature. 

In all instances the active burning times were less than the 
transit times across the furnace. The burning particles generally 
were incandescent for only a small portion of the total distance of 
travel across the combustion chamber. Nevertheless, the degree 
of completeness of combustion, even at temperature levels 
giving uniform ignition, increased strongly with increasing tem- 
perature, increased moderately with partial pressure of oxygen, 
but was strongly depressed by increasing total pressure. 

It would seem evident that these variables influenced the de- 
gree of combustion through an effect upon loss of ignition. The 
burning particles, failing to consume the oxidizing gas as rap- 
idly as it can be transported by convection and diffusion to the 
burning surface, fall to a temperature somewhere between that 
of the immediately surrounding gases and the radiation tempera- 
ture of the furnace. At the lower temperature the rate of burn- 
ing is so low as to contribute practically nothing during the 
limited time of transit through the furnace. 

The ability to consume the oxidizing gas as rapidly as it can 
reach the burning surface depends upon the particle tempera- 
ture. Since the heat capacity of the particle is relatively small, 
as compared to its heat of combustion, this temperature is such 
as to obtain a balance between the rates of heat release and heat 
dissipation to the surroundings. Heat loss to the immediately 
surrounding gas should depend upon pressure, but these gases have 
been heated to a high temperature by the combustion process re- 
ducing any heat loss to such a level that it would seem that in- 
creasing the partial pressure of the oxygen, making it more read- 
ily available to combustion, should easily offset any such effect. 
This is contrary to the relative effects found. Changing pressure 
and gas composition should have little effect upon heat loss by 
radiation. Further, the burning-particle temperatures probably 
were so high that back radiation from the furnace was not an 
important factor. The previous studies at atmospheric pressure 
showed a marked effect of furnace temperature with little differ- 
ence whether the active burning period ended within the furnace 
or in an environment at room temperature (2). 

However, the temperature required to maintain ignition does 
depend upon the reactivity of the burning residue; the more re- 
active the surface the lower the temperature at which the oxidizing 
gas will be consumed as rapidly as it can reach the surface and 
the more completely the particle will be expected to burn out 
before it loses ignition. While the arguments relating the differ- 
ent variables to the balance between heat release and heat dis- 
sipation are not rigorous, it appears that these variables could 
exert their influence through an effect of the initial heating rate 
of the coal as it enters the furnace upon the reactivity of the 
combustion residues. 

The alternate suggestion that the effect might have been due 
to an influence upon cenosphere size (8) seems not to be correct, 
since it was observed qualitatively that the cenosphere size de- 

creases with increasing pressure, while previous work showed that, 
within the temperature ranges giving uniform ignition, the ceno- 
sphere size also decreases with increasing furnace temperature. 

Failure to find a marked effect of coal size is of particular inter- 
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est. Traustel’s (4) analysis indicated an optimum size, giving 
most rapid initial rates of temperature rise; the finer sizes heat 
less rapidly owing to more intimate contact with the heat capac- 
ity of the surrounding air. This is not in contradiction to large 
furnace practice. Increasing coal fineness produces a shorter and 
more intense flame, favoring increased rates of heat transfer to 
the incoming fuel. Any effect of higher resistance to heat flow 
with finer coal would be overpowered by the increased flame” 
intensity. 

Such interplay between the influence of various factors upon 
ignition with a controlled igniting source and the influence of 
these factors upon the ability of a flame to supply heat transfer 
for ignition should be the basis for further experimental investiga- 
tion. The controlled source with low-density suspensions leads 
to particulate ignition, each particle igniting independently. 
Increasing the density of suspension beyond some critical value, 
collective ignition occurs with the appearance of a definite flame 
front (2). *The influence of fuel character, size distribution, coal- 
to-air ratio, and aerodynamic factors upon this limit should be 
investigated. The influence of such factors upon the intensity of 
radiation from flames should be studied, in order, for instance, to 
determine to what extent the more intense radiation from a short 
flame of fine coal can offset the more difficult ignition of a finer 
coal particle. ' 

Such information will be particularly useful in the development 
of combustion systems for gas;turbine cycles where good combus- 
tion is much more difficult to obtain than in large furnaces. High 
gas velocities and early introduction of high excess air tend to 
reduce the rate of heat transfer into incoming fuel. The adverse 
effect of pressure upon the rate of temperature rise further de- 
creases the reactivity of combustion residues. Corrective meas- 
ures must involve increased flame intensity held close to the point 
of entry of fuel into the combustion chamber. Increasing volumes 
available for combustion will be of no avail unless the wall tem- 
peratures are high enough, probably in the slagging range, to 
avoid loss of ignition. 


SUMMARY AND CONCLUSIONS 


1 A theoretical study of heat transfer indicated an adverse 
effect of pressure upon the ignition of pulverized coal, the rate 
of heating falling with increased pressure. 

2 Apparatus and procedures were devised for studying the 
effect of total as well as oxygen partial pressure with controlled 
igniting conditions upon the resulting combustion process. The 
resulting data confirmed the indication from earlier work at 
atmospheric pressure that decreased initial heating rates under 
pressure would lead to less complete combustion. 

3 Particularly in application to gas-turbine cycles, good 
combustion demands high rates of heat transfer to incoming 
fuel. Increased volume for combustion cannot replace inadequate 
ignition intensity. 
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Discussion 


H. R. Hazarp.§ The authors have done an excellent piece of 
experimental work in which they have controlled the environment 
of individual particles of burning coal to determine the influence 
of pressure, temperature, and oxygen concentration on complete- 
ness of combustion. However, the conditions under which the 
tests were run were far removed from conditions existing in prac- 
tical combustion chambers, and therefore data must be inter- 
preted carefully if they are to be of practical value. 

One factor which may have had an important bearing on the 
results was the use of constant volumes of primary air and second- 
ary air at all pressures. Thus at 115 psia, the mass flow of air 
through the test combustion chamber was 7.8 times that at 15 
psia, though the coal-firing rate was probably unchanged. This 
increased the Reynolds number by a factor of 7.8, thus increasing 
convection heat transfer from the particle to some degree not dis- 
cussed in the paper. This probably would reduce completeness of 
combustion, because air temperatures were always considerably 
below wall temperatures. If the extremely high air/fuel ratios 
used at 115 psia also resulted in very low exit-gas temperatures, 
they might account in part for poor combustion at 115 psia. 
Thus the poor combustion found at 115 psia was not necessarily 
the effect of pressure alone, but probably reflects the very large 
increase of air flow with pressure. 

The manner in which the authors discuss partial pressure of 
oxygen suggests that oxygen is more readily available for com- 


bustion at higher static pressures because partial pressure of © 


oxygen is higher. Actually, while the mass rate of diffusion is 
directly proportional to the partial pressure, it is inversely pro- 
portional to density, and is, therefore, independent of static pres- 
sure. The availability of oxygen can thus be increased only by 
increasing the proportion of oxygen in the mixture. 

The value of the method used was that it isolated and am- 
plified small combustion effects which might have passed un- 
noticed in combustion chambers designed for practical operation. 
In the test furnace, a definite effect of pressure was shown which 
was probably much greater than mathematical analysis would 
indicate. The effect shown can be regarded as a qualitative dem- 
onstration that, under temperature conditions where ignition is 
barely maintained, and where gas temperatures are below both 
particle temperatures and wall temperatures, pressure will affect 
combustion adversely because of heat loss by convection from the 
particle. 

The final completeness of combustion is not necessarily related 
to the initial heating rate in all equipment, though such a relation 
did exist in the authors’ test equipment for obvious reasons. In 
that equipment, the radiation temperature to which a particle 
was exposed was essentially constant throughout its combustion 
history. Low furnace temperatures thus resulted in early loss of 
ignition as well as slow ignition, while high furnace temperatures 
would delay loss of ignition as well as accelerate ignition. Two 
combustion chambers operated at Battelle have demonstrated 
that ignition intensity and loss of ignition need not be related. 
In one, a gas-turbine combustor 30 in. in diam, ignition was ex- 
tremely rapid, with flame temperatures above 2600 F within 6 in. 
of the point of coal admission. However, the flame passed close 


6 Assistant Supervisor, Battelle Memorial Institute, Columbus, 
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to very cold walls, and was quickly diluted by large quantities of 
excess air, and combustion efficiency was only 60 per cent. In 
another investigation, low-volatile coal was burned in a tubular 
refractory furnace 18 in. diam and 8.5 ft long. Ignition was so 
slow that at distances of 1 ft, 2 ft, and 3.3 ft from the burner, 
flame temperatures were only 1935, 2060, and 2240 F, respec- 
tively; however, at 6 ft from the burner, both gas temperature 
and refractory temperature were 2570 F, and at 8.5 ft from the 
burner 97 per cent of the coal had been burned. In this test, rate 
of heating was much lower than in the gas-turbine combustor, but 
combustion took place under nearly adiabatic conditions so that 
loss of ignition did not occur until burning had practically run its 
course. 

In gas-turbine practice the combustor-inlet and combustor- 
outlet temperatures, and the volume rate of air flow would be 
nearly constant over a wide range of pressures. Mass rate of air 
flow and fuel flow would vary in almost direct proportion to 
pressure. Because of higher flame density and higher firing rates 
at higher pressures, it would be expected that flame tempera- 
tures would be considerably higher than at low pressures. This 
would result in higher radiating temperatures for ignition, which 
might be expected to compensate to a great degree any adverse 
convection effect. At the end of combustion, gas temperatures 
in an air-cooled combustor would be higher than wall tempera- 
tures by perhaps 1000 F, so that increased convection at high 
pressures actually should benefit combustion rather than cause 
early loss of ignition noted under the authors’ test conditions. 

At Battelle, as referred to by the authors,® tests have been run 
to determine the effect of pressure on combustion in a pulverized- 
coal flame. Conditions differed from gas-turbine practice in that 
firing rate was not proportional to pressure, but was nominally 
constant for all tests, at 120 lb of coal per hr. Flame tempera- 
tures of about 2800 F were obtained near the burner. Under 
these conditions no large effect of pressure was found. If igni- 
tion was retarded by pressure, the effect on practical operation 
was negligible. 

Inspection of the authors’ curves, Figs. 7 through 10, suggests 
that if the tests had been run at temperatures of 2500 to 3000 F 
(1370 to 1650 C), complete combustion might have been obtained 
at all pressures. 

The data presented are of interest principally because they 
point out that not all the combustion effects resulting from use of 
high pressures are favorable, and care must be exercised to mini- 
mize the unfavorable effects which might be expected. 


AUTHORS’ CLOSURE 


The questions raised by Mr. Hazard involve interpretation of 
the data presented as an alternative to that presented in the 
paper. His analysis requires extension of empirical correlations 
from large-scale experiments to the microscopic scale involved in 
these studies of combustion of pulverized coal. This requires 
caution in the absence of rigorous mathematical solutions for 
either mass or heat-transfer rates in processes involving both 
convection and diffusion. 

Some confusion appears between these attempts to explain loss 
of ignition and the demonstration of effects of pressure, acting 
through the initial heating rate, upon the ease of maintaining 
ignition. Ignition is easily maintained in a hot furnace in the 
slagging range, but is increasingly difficult with high excess air 
and rapid cooling of the burning particle by radiation to cold 
walls. Under the latter conditions the data show that ignition 
must be effected by a more intense source of radiant heat with 
increased pressure than at atmospheric pressure in order to main- 
tain ignition. Otherwise, combustion will be less complete and 
increased combustion space alone will not be adequate. 


6 Reference is to authors’ bibliography (1). 
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Continuous Gasification of Pulverized 
Coal With Oxygen and Steam by 
the Vortex Principle 


By H. PERRY,! R. C. COREY,? ano M. A. ELLIOTT? 


This progress report presents the preliminary results of 
the gasification of pulverized coal by steam-oxygen mix- 
tures in a vortex reactor. The basic principles of reactor 
design, and an illustrative example of their application 
are given. A method of calculating the composition of 
the gas produced in this reactor is presented and has been 
checked experimentally. The carbon conversion and the 
limits of operation have been found to be closely related 
to the type and uniformity of the coal distribution. A 
method of improving the operation of the equipment and 
the quality of the gas by a change in the type of coal dis- 
tributor appears to be promising. 


INTRODUCTION 


HE manufacture of synthetic liquid fuels by the Fischer 

Tropsch process, which appears to be a future commercial 

possibility in this country, requires approximately 30,000 
sef of hydrogen and carbon monoxide (synthesis-gas) for each 
barrel of product. Although synthesis gas can be made from oil, 
natural gas, or coal, it is obvious that if synthetic fuels are to sup- 
plement a substantial percentage of the liquid fuels consumed in 
the future, coal must be looked to as the primary source. 

Established gasification processes in this country could supply 
the synthesis-gas requirements, but since they depend for success- 
ful operation on coke, or classes of coal found only in certain geo- 
graphical areas, there is an urgent need for a process that will 
operate with any class of coal, thereby removing fuel costs and 
sources as restrictions. 

Many methods have been proposed for the gasification of coal 
for the production of synthesis gas, and since several excellent 
reviews of these methods have been published**,7 they will be 
only summarized here for the purpose of showing the advan- 
tages and disadvantages of each, and the basis for the present in- 


. 1 Chemical Engineer, Research and Development Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines, Pittsburgh, Pa. 

2 Supervising Engineer, Combustion Research Section, 
Branch, Bureau of Mines, Pittsburgh, Pa. Mem. ASME. 

3 Assistant Chief, Research and Development Branch, Office of 
Synthetic Liquid Fuels, Bruceton, Pa. Mem. ASME. 

4 “Oxygen in the Production of Hydrogen or Synthesis Gas,’”’ by 
L. L. Newman, Industrial and Engineering Chemistry, vol. 40, 1948, p. 
559. 

5 ‘‘Future Possibilities in Methods of Gas Manufacture,” by A. R. 
Powell, Gas Times, vol. 52, 1947, pp. 164, 167-168, 233-234 and 237. 

6 ‘‘Recent Trends in Gas Producer Practice,’ by T. J. Brozozowski, 
British Coal Utilization Research Association, Monthly Bulletin, vol. 
12, 1948, p. 237. 

7 “Gasification Methods,”’ by M. W. Thring, British Coal Utiliza- 
tion Research Association, Monthly Bulletin, vol. 8, 1948, p. 69. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N.Y., November 27—December 2, 1949, of Tue 
AMERICAN SocieTy or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-73. 
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vestigation. The methods have been classified by Newman‘ into 
the four following groups: 


1 Fine fuel gasified in a fluidized bed. 
2 Fine fuel gasified in a fixed bed. 
3 Lump fuel gasified in a fixed bed. 
4 Fine fuel gasified in suspension. 


The fluidized-bed processes, of which the Winkler is typical, 
require a highly reactive and noncoking coal or char, a large re- 
actor volume, and a relatively large consumption of oxygen per 
pound of fuel gasified. The dust loading and the carbon dioxide 
in the gas produced are high. Where cheap fines of a highly 
reactive fuel are available, this process might be suitable for use 
in the United States. 

The processes in which fine fuel is gasified in a fixed bed at 
atmospheric pressure are an extension of the use of air-blown gas 
producers. The necessity of using either sized coke or anthracite 
severely limits these processes both economically and from the 
viewpoint of available raw materials. The Lurgi process, which 
involves a fixed-bed operation at 20 to 30 atm with small-sized 
fuel, suffers the same limitations from the standpoint of coal 
requirements, and, in addition, produces substantial quantities 
of methane, which is a diluent in the Fischer Tropsch process 
and would require an expensive reforming process if the product 
were to be used for synthesis gas. 

The fixed-bed processes using lump fuel have the advantage 
of requiring only a modification in design and operation of existing 
water-gas generators, and thus the years of accumulated experi- 
ence with such equipment could be used. However, from a 
commercial standpoint, high-temperature coke is the only suita- 
ble fuel, and this imposes a serious limitation on the use of the 
conventional water-gas process. 

One of the most promising methods appears to be the gasifica- 
tion of pulverized coal in suspension in a stream of oxygen and 
steam. Favorable characteristics inherent in such a process 
appear to be: (1) Relatively high specific rates of gasification due 
to the high specific surface of the fuel; (2) the advantages of a 
continuous process in ease of control and the need of a small 
plant size for large throughputs; and (3) the use of any class of 
coal. 

Suspension gasification of pulverized coal may be classified, 
in general, in two ways, depending upon the path of the coal 
particle with respect to the gas: (a) The coal may flow with one 
or both of the reacting gases; (b) the coal may have relative 
motion with respect to the reacting gases, thereby making use of 
the fact that the speed of the diffusion-controlled phases of the 
gasification reactions is increased. 

Early in 1947, when this investigation was under consideration, 
the latter classification appeared to merit further experimental 
work. The Fuel Research Board in England,’ and the Loco- 


8 “Complete Gasification of Pulverized Coal in a Vortex Chamber,” 
Report of the Fuel Research Board for Year ending March 31, 1938, 
p. 141. 
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motive Development Committee® had investigated the use of 
a vortex reaction chamber as a combustor. This reactor ap- 
peared to have special advantages for use as a gasifier. One 
other method of suspension gasification had been tried in the 
Ruhr, Germany. A pilot plant was operated during the war 
using a process developed by the Heinrich Koppers Company, 
which used pulverized coal with oxygen and steam under turbu- 
lent conditions. It was claimed to be superior to the Winkler 
process, but sufficient design details and operating data were not 
available to the Bureau of Mines to evaluate completely its ap- 
plicability to commercial operation in this country. In April, 
1949, the Bureau placed into operation a synthetic-liquid-fuels 
demonstration plant in Louisiana, Mo., using a modified Hein- 
rich Koppers unit, designed to gasify 25 tons of coal a day for the 
Fischer Tropsch plant. 

The original work on the vortex reactor was done by the Fuel 
Research Board in England® and was used for the production of 
producer gas with encouraging results. A few tests were also 
made using steam-air mixtures, and a typical gas composition 
was as follows: Analysis, per cent by volume, nitrogen free; CO: 
45.1 per cent, O2 0.8 per cent, CO 20.5 per cent, Hy 30.3 per cent, 
CH, 3.3 per cent, carbon conversion approximately 50 per cent. 

It was thought that the high carbon dioxide in the gas resulted 
from high heat losses because of the small size of the unit. The 
same principle was studied in 1946 at Battelle Memorial Institute 
for the Locomotive Development Committee® with the objective 
of developing a combustor for pulverized coal. In these tests 
heat releases up to 4,000,000 Btu per cu ft were observed. 

Careful study of the theory and the results of each of these 
applications of the vortex principle led to the conclusion that 
it might be adapted to the gasification of pulverized coal with 
oxygen and steam. Accordingly, the Research and Develop- 
ment Branch of the Office of Synthetic Liquid Fuels, in co- 
operation with the Combustion Research Section of the Coal 
Branch, each of the Bureau of Mines, designed and built a pilot 
plant at the Pittsburgh Station to gasify 100 lb of coal per hr. 
This size was selected because it was thought to be large enough 
to have low heat losses and to be small enough to be operated 
with reasonable quantities of materials. 


THEORY OF THE VORTEX 


The design of the vortex required a mathematical analysis of 
the aerodynamics of the unit and of the forces on the particles. 
The approximate feed conditions are established by the require- 
ments for making a gas of desired composition. To avoid 
slagging of ash on the*walls, the vortex should be designed so 
that the largest particles do not reach the wall. The outlet radius 
must be selected such that the ash and unburned carbon will 
leave at the exit pipe before reaching the floor of the vortex. 

The basic law of the free vortex is the conservation of angular 
momentum. The fluid is introduced tangentially at the wall and 
its angular momentum is M,V,R,, where V; is the tangential 
velocity at radius R; (wall radius), and M, is mass of the gas. 
At any other radius R, within the vortex the angular momentum 
must be the same as at the wall, so that MiViki = M2V2Rb, or 
V2 = ViRi/R2. Thus since R:<R, as the gas moves toward the 
outlet in the center of the chamber the tangential velocity in- 
creases. Since the fluid also moves radially toward the outlet, 
its resulting path is a spiral. If a solid particle is introduced into 
this moving stream, it is accelerated rapidly to the velocity of the 
stream, and the forces acting on the particle are (1) centrifugal 


® “Progress Report on Pressurized Combustion of Pulverized Coal,” 
by J. I. Yellott and C. F. Kottcamp, presented by the Fuels Division, 
Annual Meeting, New York, N. Y., 1946, of Tot AMERICAN Society 
oF MECHANICAL ENGINEERS. 
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force due to the circular path of the particle, (2) viscous drag 
of the gas stream, (3) and gravity. 
that the centrifugal force and the viscous drag on the particle are 
equal at some radius within the vortex, and if the particle does 
not react and change size, it will move downward in a helical 
path. 


If the particle size is such 


If the.coal particles are gasified they continually change size. 


For each size of the coal particle there is a new equilibrium 
radius—the smaller the particle the nearer the equilibrium radius 


to the center of the chamber. Thus a reacting particle not only 


moves in a circular path with the gas stream but also moves across 


the gas stream seeking new equilibrium radii. This move- 


ment of the particle across the gas stream sweeps the products 
of the reaction from the coal surface, leaving a fresh surface for 


the reaction to take place. 
The method of application of these principles to the design of a 


vortex for, a particular set of feed conditions is shown in the 
Appendix. 


Gas ComposiTION From EQUILIBRIUM CONSIDERATIONS 


In the absence of methane in the make gas, the chemical 


reactions in a mixture of carbon, oxygen, and steam at elevated 
temperatures are 


C + 0,.260sine.2t 2) hedge tee 1] 
Co HO200 2H, ae ee [2] 
Co. 19H O2CO.c SH. a use [3] 
Ch + COp2200 (die nn eee, [4] 
CO HLOC0s Hes pod eae [5] 


At atmospheric pressure and at the temperatures involved 


in these calculations, Reaction [1] is assumed to go to completion 


and the dissociation of steam and carbon dioxide is assumed 
to be negligible. In the vortex reactor, Reaction [4] was found 
to take place so slowly as not to influence the final make-gas 
composition. Equation [5] (water-gas shift reaction) is the only 
remaining independent equation since Equation [5] = Equation 
[3] — Equation [2]. 

The equilibrium composition of the gas produced has been 
calculated for a variety of conditions from a knowledge of the 
following: 


1 Coal feed rate and ultimate analysis. 

2 Gross heating value of coal. 

3 Oxygen feed rate and analysis. 

4 Steam feed rate and preheat temperature. 
5 Heat loss from the unit. 

6 Per cent of carbon gasified. 


In addition, the following assumptions have been made: 


1 Water-gas shift equilibrium is reached (Equation [5]). 

2 Boudouard reaction Equation [4], does not influence 
the final gas composition. 

3 The oxidation of C to CO, goes to completion. 

4 No dissociation of CO, and H,O. 

5 No methane is formed. 

6 All sulphur in the coal appears as H,S in the make gas. 


The first four assumptions have been found to be essentially 
correct for the vortex reactor. Small amounts of methane 
(2-3 per cent) appear in the make gas, but affect the equilibrium 
calculations only slightly. The form in which the sulphur ap- 
pears in the make gas has not been determined, but for the low- 
sulphur coals used in these tests it could appear in any form with- 
out changing the equilibrium calculations appreciably. 

The per cent of CO, in the dry make gas, the per cent steam 
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Coal rate-100 pounds per hour Wyoming coal as received 
Oxygen rate-100 pounds per hour 

Steam rate-100 pounds per hour 

Steam temperature 
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decomposition, and the ratio of hydrogen to carbon monoxide 
have been calculated as a function of the following: 


1 Heat lost by radiation. 3 Oxygen to coal ratio. 
2 Steam preheat. 4. Steam to coal ratio. 
5 Per cent carbon gasified. 


The coal used for these calculations was a Rock Springs No. 9, 
Wyoming coal, the composition of which is given in Table 1. 

In the calculations in which the carbon gasified was assumed 
to be less than 100 per cent, the residue was assumed to be 
entirely carbon and ash. This agrees with the experimental 
results. 


TABLE 1 ULTIMATE ANALYSIS (3.5 PER CENT MOISTURE), 
PER CENT 


E 
LE OS Roti AGS colon 5:3 Oain. cst. cs 2 15.4 
OS Sree Re amet 6 adic 71.6 SEE PE ees Ot Raace. 0.9 
NGS crete 15 IAS oer ces aceon een oc 5.3 


Gross heating value 12,620 Btu per lb 


The results of these calculations are shown on Figs. 1, 2, 3, 4. 

Fig. 1 indicates that the production of CO; is a minimum for a 
weight ratio of oxygen to coal of approximately 0.9. For this 
feed, therefore, the CO + Hz is at a maximum. The position of 
the minimum CO; is affected slightly by the steam-to-coal ratio. 
As the percentage carbon gasified decreases, the CO, in the dry 
make gas increases rapidly. 
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Fig. 2 shows that as the O,-to-coal ratio decreases, the H2-to- 
CO ratio increases rapidly, 

Fig. 3 shows that the percentage of steam decomposed is 
almost independent of the steam-to-coal ratio, at an oxygen to 
coal ratio of 0.9. 

Fig. 4 shows the effect of the process variables on the exit gas 
temperature. Increasing heat losses decrease the exit gas tem- 
perature, while increasing the oxygen-to-coal ratio in the feed 
and decreasing the carbon conversion cause the exit gas tem- 
perature to increase. 


APPARATUS 
A flow diagram of the apparatus is shown in Fig. 5. The 


steam superheater was gas-fired and the heat-transfer surface 
consisted of two stainless-steel coils. The oxygen, obtained from 


ie Coal 
distribution 
cone 
g eoling 


Fig. 5 Frow SHeet ror Vortex GASIFIER 


a Linde Cascade unit, was mixed with the superheated steam and 
split into four feed lines to the reactor. Pulverized coal was fed 
from an aerated hopper by a star-wheel feeder to a distributor, 
and then to the vortex reactor. The gases produced, ash, and 
unburned carbon, left the reactor at the bottom and passed 
through a 4-in. refractory-lined pipe. Gas-sampling and tem- 
perature measurement were made in this section. The gases 
and solids were then cooled by a water spray to about 500 F, 
and part of the solids was recovered with the excess spray water. 
In the first tests, multiple cyclone separators were used in an 
attempt to remove the remaining solids, but these proved un- 
satisfactory and their use was discontinued. 

The construction of the vortex reactor is shown in Fig. 6. 
Babcock & Wilcox Bafflemix refractory was used to line the 
outer steel shell, while the slots, top, and bottom of the reaction 
chamber were cast from B & W Kaocast. Provision for two 
sight holes and a gas burner was made in the top of the re- 
action chamber. Movable Pt-PtRh thermocouples were placed 
in the top and side of the reactor. 

The steam and oxygen were measured by means of calibrated 
sharp-edged orifices. Steam from the service line was throttled 
to the desired pressure and preheated before measurement at 
the orifice. The steam temperature leaving the superheater 
was measured with a Pt-PtRh thermocouple. 

The coal hopper held approximately 150 lb of coal and was 
aerated by an air distributor at the base of the hopper. Me- 
chanical agitation of the coal was tried and resulted in packing 
of the coal in the hopper. The hopper was connected to the 
feed mechanism by a standpipe 31 in. high and 41/, in. diam. 
The fluidized coal fell from this standpipe through two openings 
in the bottom of the pipe (180 deg apart), was picked up by a 
rotating impeller wheel, carried through 90 deg around the plate 
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and dropped through two outlets to the two feed pipes. A small 
stream of air was injected into the impeller teeth at both outlet 
pipes to dislodge the coal. Calibration of the feeder indicated 
that the coal rate was proportional to the speed of the impeller 
wheel and varied, at constant speed, by approximately +3 
per cent over 5-min intervals. The feeder and hopper were 
mounted on scales and connected to the distributor with rubber 
tubing so that coal-feed rates could be checked regularly. 

The metered coal fell by gravity to the coal distributor, shown 
diagrammatically in Fig. 7. The streams of coal were split by the 
inner cone and passed down the annulus between the two cones 
into the reaction chamber. The bases of both the inner and 
outer cones, which were level with the top of the reaction cham- 
ber, were water-cooled. A Syntron vibrator was fastened to the 
distributor to insure steady flow of the coal down the cone. 
The coal entered the reaction chamber around the entire circum- 
ference at a distance 3 in. from the wall of the reactor. 

A second type of distributor has been used. In this distributor, 
the coal, metered as described, falls on a water-cooled spinning 
plate at the top center of the reactor and is thrown toward the 
walls in an umbrellalike pattern by the rapidly rotating plate. 


EXPERIMENTAL PROCEDURE 


Before admitting coal, the reactor was preheated to about 
2000 F with a natural gas - air mixture. Primary air was mixed 
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with the gas, and secondary air, preheated in the superheater, 
was introduced through the slots in the reactor. When the 
temperature in the reactor reached 1000 F, the secondary air was 
replaced gradually with the steam-oxygen mixture required for 
gasification, and heating was continued to 2000 F. 

The coal hopper was charged through a 1/2-in. X !/:-in. screen, 
with the fluidizing air turned on to prevent packing of the coal 
while charging. After filling, the charged hopper and standpipe 
were fluidized for about 30 sec with an air stream introduced at 
the star wheel. 

When the chamber was preheated to the desired temperature, 
the coal was started into the vortex, and as the temperature of the 
exit gases rose sharply, the gas-fired burner was removed from the 
chamber, and the gas and primary air shut off. 

A continuous record of the exit-gas temperature was made, and 
readings of steam flow, oxygen flow, speed of coal feeder, and the 
weight of the coal hopper were taken periodically. At regular 
intervals gas samples were taken at the exit pipe with a water- 
cooled probe. 


RESULTS 


Limits of Operation. Approximately 45 tests have been made 
on the unit with the conical coal distributor. In the first eleven 
tests Bruceton (coking) coal was used and the coal distributor 
became coked in every test. When Wyoming (noncoking, 70 
per cent through 200 mesh) coal was used and when the optimum 
slot sizes were determined the unit was operated continuously 
at coal rates between 45 and 85 lb per hr. At both higher and 
lower rates, unburned coal accumulated on the vortex floor. 
At the lower rates the small quantities of steam and oxygen 
required for gasification produced such low tangential velocities 
in the reactor that the incoming coal stream was not picked up 
by the gas. At the higher coal rates the density of the incoming 
coal stream was such that even at the high tangential velocities 
part of the coal reached the vortex floor before being picked up 
by the gas. 

An attempt to use the same Wyoming coal at rates of 50 lb per 
hr but with a larger size consist (only 30 per cent through 200 
mesh) resulted in an accumulation of unburned carbon in the 
vortex. One further attempt to use coking coal, under the 
optimum conditions of slot size and coal-feed rate, also failed. 

The limits of operation are a function of the type of coal dis- 
tributor. In all of the tests in which unburned carbon accumu- 
lated on the vortex floor, it was found in irregular piles. At 
times one side of the vortex was completely clean while the other 
side was partially filled with coal, indicating uneven feed. With 
a coking coal, in the cone type of distributor, bridging of coke 
occurs across the outlet of the distributor, and all of the coal must 
then be fed through the remaining open area. With a noncoking 
coal this irregular accumulation of unburned carbon indicates 
improper design of the distributor. It appears probable that if a 
noncoking coal were fed uniformly around the circumference by 
the distributor, the vortex could be operated at both lower and 
higher coal rates than are now possible. 

There is some evidence that this nonuniformity of coal dis- 
tribution not only affects the operational limits of the unit, but 
also the composition of the make gas and the gasification ef- 
ficiency. One test was run for a period of 1!/2 hr without accumu- 
lation of unburned coal, but with a known poor distribution of the 
coal feed. The resulting gas was extremely high in carbon 
dioxide, and the gasification efficiency was low, when compared 
to tests with the same feed conditions but with better coal dis- 
tribution. This nonuniformity of feed also may be the cause of 
the variation in results for similar feed conditions. 

Size Consist of Coal. The vortex was designed so that particles 
of approximately 325 mesh have an equilibrium radius equal 
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to that of the outlet pipe. The coal actually used in these tests 
contained 55 per cent by weight of particles smaller than this. 
For commercial use it is impractical to grind coal with 1 or 2 
per cent on 100 mesh and have much less than 45-55 per cent 
through 325 mesh.- To approach practical operating conditions, 
the usual commercial grind of pulverized coal was used, even 
though. it was realized that the unburned carbon might be high. 
To reduce the carbon loss caused by the high percentage of fines 
the outlet diameter of the vortex would have had to be reduced 
below 4 in., causing a pressure rise in the vortex and excessive 
velocities in the exit pipe (see Appendix). 

Calculation of Results. All of the data have been calculated 
from an elemental balance on the unit using the feed rates of 
steam, coal, and oxygen, and the composition of the dry make 
gas. The residue from all tests consisted essentially of carbon 
and ash, and if the small amounts of hydrogen and oxygen in the 
residue are neglected, the calculations are affected by less than 
0.5 per cent. From the elemental balance, the moles of dry gas 
per hour, moies of steam per hour, and the amount of unburned 
carbon per hour can be calculated. To check the calculated 
values, it would have been desirable to determine one of these 
streams experimentally, and some attempts were made to meas- 
ure the humidity of the make gas and to collect and weigh all 
of the residue. Both determinations proved to be rather difficult, 
and, because of the multitude of other problems, were deferred 
until a gas approaching the desired composition is produced. 
However, even without a check on the absolute values of these 
calculated quantities, certain trends appear and are reported. 

Data. In the equilibrium calculations, made to determine the 
composition of the make gas that could be expected with this 
reactor, the assumption was made that the water-gas equilibrium 
shift would be satisfied. In Fig. 8 the values of the equili- 
brium constant, calculated from the make-gas composition, are 
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plotted against the values of the constant corresponding to the 
measured exit-gas temperature. About one half of the points 
agree almost exactly, and the remainder are scattered almost 
equally above and below the line. Considering the errors in 
temperature measurement and the errors possible in calculations, 
based on an experimentally unchecked elemental balance, this 
agreement is excellent. 

The other assumption made concerning equilibrium in cal- 
culating the theoretical gas composition was that the rate of the 
CO; + C=2CO reaction would be slow enough not to influence 
the final gas composition. The equilibrium constant for this 
reaction was calculated as described and is plotted in Fig. 9. 
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There is considerable scatter of the experimental values but they 
are roughly 1/¢0,000 of the equilibrium values corresponding to the 
exit-gas temperature, indicating that the rate of this reaction is 
such as to influence only slightly the final gas composition. 

Thus the major assumptions made in calculating gas com- 
positions, i.e., the water-gas-shift equilibrium is reached, and 
the effect of the Boudouard reaction is negligible, have been 
justified for this reactor. It was shown, in the calculation of 
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the equilibrium gas composition, that if the foregoing assump- 
tions are correct, and if the amount of carbon gasified and the 
heat losses are known for a given set of feed conditions, the make- 
gas composition can be calculated. Estimate of the heat losses 
can be made for any size of unit. The per cent of carbon gasified 
is a characteristic of the type of reactor and is the variable which 
will determine the practicability of the reactor for gasification 
purposes, 

The data for the test with the cone-type distributor are pre- 
sented in Table 2. For this table the percentage heat loss is 
defined as 


Heat lost by radiation, convection, etc. 


Enthalpy in feed — heat of combustion of unburned carbon 


The high percentage of carbon dioxide in the synthesis gas 
appears to be a result of the excessive heat losses occurring in 
this small unit. Figs. 10 and 11 show the effect of percentage 
heat loss on the production of carbon monoxide plus hydrogen, 
and carbon dioxide per pound of coal gasified. At higher through- 
puts, the percentage heat loss was reduced and the carbon monox- 
ide and hydrogen produced per pound of coal increased, while 
the carbon dioxide produced per pound of coal decreased. The 
dotted curves in these figures are for those tests in which the 
steam-to-coal ratio was low, and in which the gas produced had a 
carbon monoxide-to-hydrogen ratio of 2:1 instead of the 1:1 
ratio observed in other tests. The relatively high yield of carbon 


TABLE 2 DATA FROM TESTS ON CONE-TYPE DISTRIBUTOR 


Coal pds Oo ZC Exit Gas GAS ANALYSIS C4 
Test S Rate per pd pds H20 gasi- gas made COo co Ho heat 
Noe Noe pds/hr coal pd coal fied temp. cuft/hr . loss 
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monoxide and hydrogen per pound of coal at these conditions 
probably resulted from the higher temperatures in the reaction 
zone in the presence of low steam concentrations, and the forma- 
tion of a higher carbon monoxide - to - carbon dioxide ratio in the 
initial oxidation step. 

In the inserts in Figs. 10 and 11 the data are replotted and 
extrapolated to zero-heat loss. Under adiabatic conditions, 
it appears that a yield of 30 to 40 cu ft of hydrogen and carbon 
monoxide per lb of coal gasified would be obtained, which com- 
pares favorably with other gasification processes, and the syn- 
thesis gas would contain 15 to 20 per cent carbon dioxide. Thus 
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in large units, where the heat losses are small, the vortex may be 
expected to produce a satisfactory yield and quality of synthesis 
gas. 

Fig. 12 indicates that for the conditions tested and with the 
cone distributor, the per cent carbon gasified is independent of the 
coal rate and almost directly proportional to the pounds of oxygen 
per pourid of coal in the feed. The proportionality between the 
oxygen in the feed and the carbon converted is evident, since the 
oxygen concentrations in the make gas were always less than 1 
per cent regardless of the quantity of oxygen fed to the reactor. 
The nearly constant percentage of carbon gasified for different 
throughputs is probably a function of the hydrodynamics of the 
unit. As the coal rate was increased the steam and oxygen 
were increased proportionately and, since the same slot sizes 
were used in all tests, the tangential wall velocity increased with 
the increasing throughputs. Increased values of the tangential 
wall velocity result in smaller carbon particles having an equili- 
brium radius within the vortex. However, the radial velocity 
of the fluid in the vortex also increases with increasing throughputs 
and causes a larger-sized particle to leave the vortex. Calcula- 
tions indicate that by keeping constant the steam-coal-oxygen 
ratio, increasing the throughput from 40 to 80 lb of coal per hy 
should decrease the carbon conversion between 2 and 4 per cent, 
for the inlet slot conditions used in these tests. This is within 
the experimental error of measurement. 

The carbon conversions range from 50 to 75 per cent for the 
oxygen-to-coal ratios that are feasible for gasification, and this 
value is low when compared to the 95 per cent reported for the 
German Koppers dust process. However, as was noted pre- 
viously, the vortex was tested with a size consist of coal such that 
low carbon conversions would be expected. With the cone- 
type distributor, it was found impossible to operate with a 
coarser coal, 

In some tests, gas samples were taken at different radii within 
the vortex in an attempt to study the order in which the chemical 
reactions take place. These data are plotted in Figs. 13, 14, 15, 
and 16. Although the data were taken for varying feed condi- 
tions, the differences in results cannot be explained by this alone, 
and probably were caused by irregular distribution of the coal in 
the vortex by the cone distributor. Despite these differences. 
however, it appears that: 


1 The oxygen reacts with volatiles in the coal and with the 
carbon to form CO, and H,O, thereby minimizing tar formation. 

2 Only when the oxygen has been consumed does the steam- 
carbon reaction begin. 


There are several possible methods of increasing the carbon 
conversion in the vortex. A constant coal-feed rate and a uniform 
distribution of the coal appear to be effective, and increasing 
the tangential velocity for the same throughput also should in- 
crease the carbon conversion. Since the reaction of carbon 
with oxygen is extremely rapid and apparently goes to com- 
pletion, any method of increasing the rate of the steam-carbon 
reaction will increase the carbon conversion, and this can be 
accomplished by having a higher density of carbon in the zone of 
the steam-carbon reaction. To accomplish this the coal must 
be fed near the center of the vortex and be thrown out toward 
the walls. One other possible method of increasing the carbon 
conversion appears to be increasing the depth of the vortex 
chamber. From Equation [29] (Appendix), which considers 
only the aerodynamics of the reactor, as the depth of the reaction 
chamber, h, is increased the size of the particle, a, which will 
remain in the vortex becomes smaller, and the carbon conversion 
should be increased. In addition, inc-easing h increases the time 
available for gasification and should aid in increasing the carbon 
conversion 
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Several preliminary tests were made with the spinning-plate 
coal distributor in which the coal is introduced near the center 
of the reaction chamber. This distributor was designed to 
increase the carbon density near the center of the reactor, to 
increase the total path of the carbon particle, and to give more 
uniform coal distribution. Mechanical difficulties with the 
driving mechanism caused early shutdowns in every test, but 
the composition of the gas was much improved over that ob- 
tained with the conical coal distributor. Further tests are 
planned when the mechanical problems are overcome. 


CONCLUSIONS 


These tests confirm the assumption that from the knowledge 
of the feed conditions, heat losses, and the per cent carbon gasi- 
fied, the approximate composition of the gas produced can be 
predicted for this reactor. In these tests the carbon conversions 
were low, and the resulting make gas was high in carbon dioxide. 
For a given set of feed conditions any means of increasing the 
carbon conversions will improve the quality of the gas. In order 
for this reactor to he commercially feasible the carbon conversions 
must be increased. 

The results of these initial tests show that the uniformity and 
the method of coal distribution strongly influence the amount 
of carbon conversion, the quality of the gas produced, and the 
maximum and minimum throughputs. The conical coal dis- 
tributor was unsatisfactory in that the coal was fed nonuniformly 
near the outer perimeter of the vortex. The few preliminary 
tests with the spinning-plate distributor suggest that these 
difficulties have been overcome. 
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Other possible methods of increasing the carbon conversion 
are available, i.e., (1) using a coarser size consist of coal with the 
spinning-plate distributor, (2) increasing the height of the re- 
action chamber, and (3) increasing the tangential velocities at 
constant coal rates. Further tests are planned with the new 
distributor when the mechanical difficulties have been overcome, 
and the effect of the foregoing variables on the carbon conversion 
will also be investigated. 


Appendix 


NOMENCLATURE 


a = particle radius, ft 

b = settling velocities of particles, fps 

h = depth of vortex chamber, ft 
M, = mass of inlet gas, lb per hr 
M, = mass of inlet gas plus coal, lb per hr 

r = radius at any point in vortex, ft 
R, = radius of vortex at inlet, ft 
Ry = radius of vortex at outlet, ft 

= gasification time, sec 

wu = radial velocity of gas at any radius 7, fps 
U, = radial velocity at 1, fps 
U, = radial velocity at Re, fps 

v = tangential velocity of gas at any radius 7, fps 
V, = tangential velocity at Ri, fps 
V2 = tangential velocity at Re, fps 


Z, = volume of gas at Ai, cfs 

Z, = volume of gas at Re, cfs 

viscosity of gas in vortex, lb 
sec-ft 

density of coal, lb per cu ft 
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PROBLEM CONSIDERED 


The following treatment is an extension of the analysis by 
Hurley” of the forces on a particle in a vortex. To illustrate 
the application of the theory to the design of a vortex, a particu- 
lar set of feed conditions will be considered as follows: 


100 Ib per hr of He 600 F 
100 lb per hour of steam 

100 lb Wyoming coal per hr—as received 

Size consist of coal, 70 per cent through 200 mesh, 1-2 per cent on 
100 mesh 


Inlet Conditions. The basic law of the ideal free vortex is the 
conservation of angular momentum 


MiVik; —1 M2V2R» ole) d) € ie ele el ehe qe eusike sole [6] 


The horizontal forces on a particle at any radius, 7, in the 
vortex are 


4 3 3 2 
Centrifugal force = tonne eae ee Al [7] 
Viscous drag = Granu................+ (8] 
When the forces are balanced 
Onur 
y= ig pe ee [9] 


From Equation [6] and for p = 130 lb per cu ft 


nurs M, ? 
ee Sa a keene: [10] 


Using a viscosity which is the average for the inlet and out- 
let conditions: 7 = 0.043 centipoises = 2.89 X 1075 lb/sec-ft. 


For the selected feed M, = 200, and M, = 200 + 100 = 300 
lb and Equation [10] becomes 
urs 
Vig 2525 OE ———— eee TA Re se 11 
1 x PRE [11] 


If no change in temperature or total number of moles of gas 
occurred in the reactor, by a material balance across cylinders 
with radii r and R, 


For this feed there are 8.7 moles of gas per hr at the inlet and 
14.1 moles of gas per hr at the outlet. The average is 11.4 


moles per hr. The temperature change is from 1060 R to 2960 R, 
therefore 


2960 11.4 
LE REN x ars UR, — 3.66 UiR, detec oan oece {13] 


= 1060 * 8.7 


This correction for the change in the number of moles will be 
approximately the same for any set of feed conditions suitable 
for gasification, and the correction for temperature change will 
depend largely upon the amount of steam preheat. 

From Equations [11] and [13] 


10 “Some Factors Affecting the Design of a Small Combustion 
Chamber for Pulverized Fuel,” T. F. Hurley, Institute of Fuel, vol. 4, 
1931, p. 243. 


TRANSACTIONS OF THE ASME 


JULY, 1950 


a 8.24 Om oe 

us Se ae a aR 

If the maximum-size particle permitted in the feed is 100 mesh 
then a = 0.000246 ft, and Equation [14] becomes 


U. Of 
V2 = 1.362 X 10? = 


But U; is equal to the inlet feed volume divided by the wall 
area 


Zi 
Se eee 16 
*  QaRih eo 
Substituting in Equation [15] 
r?Zy 
2 = 
V1 Miletl Reh 
or 
fe Zi 
V, = 4.66 — BP robinson was teas 17 
1 R, h [17] 


To keep a 100-mesh particle off the wall 7 < R,, and this is true 
for any value of R;. For the limiting case of r = R,, Equation’ 
[17] becomes 


This equation is approximately true for any throughput if the 
ratio of steam to coal to oxygen is 1:1:1, and the steam-oxygen 
mixture is at 600 F. The values of V; required at different 
throughputs and for different chamber depths are shown in Fig. 
1% 
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For the feed conditions selected, ie., 100 lb per hr each of coal, 
oxygen, and steam, and with the steam and oxygen at 600 F, 
Z, = 1.865 cfs, and from Equation [18] 


6.36 


as ez Sieh lac elie, [water jo TViNel tel “m)naNOUrepR aioe Tene 19 
Jk [19] 


The value of R; cannot be determined from this relation, but a 
value can be established if the outlet conditions are considered 
(to be mentioned). 

Any value of h may be chosen for the selected feed conditions if 
the tangential velocity at the wall, Vi, required to satisfy Equa- 


tion [19] can be obtained with the reactor. However, other 
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physical factors determine h. The depth of the chamber must 
be such that the particle will leave the chamber before it reaches 
the vortex floor. The settling velocities of the particle and the 
gasification time must be known since then 


The settling velocities, b, of coal particles of various sizes can 
be calculated from Stokes’ law if the particles are assumed to be 
spheres and the viscosity of the fluid is known. These values are 
plotted in Fig. 18 for a viscosity of 0.043 centipoise. 

The estimation of gasification time is more difficult. From the 
little available data a value of 0.5 to 1.0 sec appeared to be ade- 
quate. The design figure actually used was 0.70 sec. From 
Fig. 18 the settling velocity of a 100-mesh particle is approxi- 


) 2Soe 


Sd ie: (coal) 130 pounds per cubic feet | 
N =  .046 centipoises 
a4 (Spherical particles assumed) 


SETTLING VELOCITY, FEET PER SECOND 


a 


325 mesh 
200 mesh 


100 mesh | 


100 200 300 
PARTICLE DIAMETER, MICRONS 


Fic. 18 Spwrritinc VELociTy or Coat PARTICLES 


mately 1 fps, and, using a gasification time of 0.70 sec, the height 
of the chamber becomes 


hp S) (O70) SOW ey Sites Sag cose - [21] 


The required value of V; can now be calculated from Equation 
[19] 
6.36 


ee a 
mCVAN 


A series of tests were made to determine the values of V; for 
different throughputs and for various arrangements of the inlet 
slots. These data were required since it was found that different 
slot arrangements resulted in markedly different tangential wall 
velocities even at the same throughput. 

A vortex with R,; = 1 ft, h = 2/; ft, and R. = 1/¢ ft was used in 
these tests. The values obtained for different slot sizes and 
shapes and at different throughputs are plotted in Fig. 19. If 
the loss in energy in the fluid expanding from the slot into the 
vortex chamber were a pure expansion loss then it would be 
directly proportional to the throughput. In this case other 
variables must be involved since the tangential wall velocity is 
proportional to Z,°7 for all */s-in-wide slots, 29-7 for 1/,-in- 
wide slots, and Z,°- for the !/s-in-wide slot. Sufficient data 
were not obtained to develop an empirical equation to fit all of 
the experimental data, but enough information was obtained to 
design the slots for the V; values used in these tests. 
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THROUGHPUT 


Outlet Conditions. For the feed conditions selected there are 
approximately 14 moles of gas leaving the reactor at 2500 F. 
To calculate the particle size that will just leave the reactor, 
i.e., 7 = R, from Equation [6] 


200 V,R, 
ees 23 
toe 8006 By us 
and since 
Lge, Si AsCIS ea ea eRe [24] 
therefore 
8.4 eso 
U. a eer 25 
2 QR Rah eal 


At the outlet 7 = 0.06 centipoise = 4.03 1075 lb/sec-ft. 
A particle at the outlet is subject to the same forces as a particle 
at the inlet so that from Equation [9] 


9 nU2R2 
Vie ee ee 2 
y 20D 26] 
or 
9 (4.03 X 1075) 1.837 1.863 < 107° 
Fe SEN ESD ee Bp [27] 
2 130 hV2 hV.2 
and from Equation [23] 
LSOe Oss R»? 
| ee bo gt coo blancs 2 
# E (0.667)? ‘| R? ie 


or 


ee 2.05 X al R, 
/h V, Roo [29] 


From Equation [19], VS hV1 = 6.36 so that 


Re 
a = PPL SK De Bo nea mes ([30] 


1 


Thus the smaller the ratio R2/R; the smaller will be the par- 
ticle that will just leave the vortex, and the higher will be the 
carbon conversion. ‘To operate the vortex at atmospheric pres- 
sure, a value of R, greater than 1 in. is required, and a value of 
2 in. was found to be more satisfactory. Thus when R. = 1/¢ ft 
then when 


ky 0.5 ft 
Ge 1072 X 10-4 ft 


1.5 ft 
0.358 X 10 ft 


1.0 ft 
0.537 X 10-4 ft 


Since the weight of carbon leaving the reactor is proportional to 
a’, increasing the value of R; to greater than 1 ft decreases the 
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weight per cent of carbon leaving only slowly. Thus a value of 


R; = 1 ft was selected. 
From the use of both inlet and outlet conditions, the vortex 


designed for feed conditions of 100 lb per hr each of coal, oxygen, 
and steam had 


R, = 1 ft 
Ry = 1/, ft 
h <= 2/5 ft 
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and required V; = 7.8 fps. The final slot arrangement, 9 slots 
each */s in. X 8 in., was selected to give the maximum values of 
V;. For the feed conditions selected and at the temperatures 
at which the steam-oxygen mixture pass through the slots, Vi 
should be approximately 6.5 fps. Although this value is slightly 
lower than that required by the calculations, it was the maximum 
value obtainable using any of the slot arrangements tested, and 
it appeared to be satisfactory in view of the factors of safety in 
design used in calculating the values of V; required. 


The Gas-Turbine Regenerator—the Use 
of Compact Heat-Transfer Surfaces 


By A. L. LONDON! ann W. M. KAYS,? STANFORD, CALIF. 


This paper illustrates the application of high-rating 
compact surfaces of the plate-fin-type to the regenerator- 
design problem for typical gas-turbine cycles. Comparisons 
are made with designs employing circular tube surfaces 
one inch and one-quarter inch in diameter. 


NOMENCLATURE 
The following nomenclature is used in this paper: 


A = heat-transfer area, sq ft 
A, = free-flow area, sq ft 
a = nonflow dimension of heat exchanger, ft 
a = plate-metal thickness or tube wall thickness, ft 
b = gas-flow dimension of heat exchanger, ft 
b = plate spacing, ft 
C = airor gas capacity rate, C = Wc, Btu/(hr)(deg F) 
c = air-flow dimension of heat exchanger, ft 
Cp = specific heat at constant pressure, Btu/(Ib deg F) 
D; = inside diameter of tubes, ft 
D, = outside diameter of tubes, ft 


f = Fanning friction factor, dimensionless 
Ww 
G = mass velocity, G = ve = Vp lb/(hr)(sq ft) of A, 
g = proportionality factor in Newton’s second law, g = 32.2 


lb ft/#+sec? 
unit conductance for thermal] convection heat transfer, 
Btu/(hr ft? deg F) 
K, = contraction loss coefficient for flow at heat-exchanger en- 
trance, dimensionless 


K, = expansion loss coefficient for flow at heat-exchanger exit, 
dimensionless 
k = thermal conductivity, Btu/(hr sq ft deg F/ft) 
L = fiow length used in the definition of hydraulic radius, ft 
n = number of passes in multipass cross flow heat exchanger, 
dimensionless 
P = pressure, psi, psf 
R = Reynolds number, dimensionless 


: > A,L 
r, = hydraulic radius, 7, = age ft 
= temperature, deg R 
temperature, deg F 
= unit over-all thermal conductance, Btu/(hr ft? deg F)(sq 
ft) of A, 
heat exchanger total volume, cu ft 
= velocity, fps 
= specific volume, cu ft/lb 


ll 


1 Professor of Mechanical Engineering, Stanford University, 
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W = specific flow rate, lb/(1000 shp-hr) 
x, = longitudinal tube-bank pitch, dimensionless 
x, = transverse tube-bank pitch, dimensionless 


a = ratio of total transfer area of one side of exchanger to total 
volume of exchanger, ft?/ft® 

ratio of total transfer area of one side of exchanger to 
volume between the plates of that side, ft?/ft? 

6 = fin metal thickness, ft 

with P denotes inlet minus outlet pressure difference 

e = heat-exchanger effectiveness, a function of (NTU, C,/C,, 

flow arrangement), dimensionless 


n = over-al] temperature effectiveness of plate-fin heat-ex- 
changer surface, dimensionless 

p = density, lb/ft? 

o = ratio of free flow to fronta] area, dimensionless 


“ = viscosity, lb/(hr ft) 


Dimensionless Groupings 


Nst = Stanton’s number, (h/Gc,), a hea. transfer modu- 
lus 
Ne, = Prandtl’s number, (uc,/k), a  fluid-properties 
modulus 
NstNpr/? = generalized heat-transfer grouping. This factor 
versus FR defines the heat-transfer characteris- 
tics of the surface 
R = Reynold’s number, (47,G/»), (D,G/r) 
f = Fanning friction factor. This factor versus R de- 
fines the friction characteristics of the surface 
NTU = Number of heat-transfer units, (A,U/C;,) 
e = heat-exchanger effectiveness, a function of (V7TU 
C,,/C,, flow arrangement) 
Subscripts 
a@ = air-side condition 
g = gas-side condition 
f = film average condition 


~ 


fluid entrance condition to heat exchanger 
avg = average fluid condition 


Miscellaneous 

lb = pounds mass in distinction to 
# = pounds force 

> approximate equivalence 


INTRODUCTION 


The high-efficiency gas-turbine plant, unlike other prime-mover 
systems, requires a design philosophy of close attention to details 
in all respects. This insistence on optimum design is mandatory 
because operation at temperatures approaching metallurgical 
limits, large specific flow rates (Jb/shp-hr) of the working sub- 
stance, the high “‘back-work”’ input to the compressors multiply- 
ing the cost of flow-friction power, are all coupled with the re- 
quirement of a compact machinery arrangement. The require- 
ment of compactness is a major consideration in the transporta- 
tion application of the gas-turbine plant if its basically lightweight 
aspect is to be capitalized upon. 

During the present pioneering development of the gas-turbine 
system, relatively little attention has been devoted to the heat- 
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exchanger components—primarily the regenerator. However, 
for a gas-turbine plant having a specific fuel consumption over a 
fairly wide load range comparable to that of a steam plant, a re- 
generator of considerable specific transfer area is required. For 
instance, in an open-cycle plant such as described by Soderberg, 
Smith, and Scott (7),* a transfer area of the magnitude of 3 to 4 
sq ft/shp rating is needed. This requirement is several times that 
of the boiler plus condenser of a steam power plant. It is evident, 
therefore, that if compactness and lightweight are to be realized, 
boiler or condenser-type surfaces cannot be used. As an illus- 
tration of a practical result of the application of such surfaces, 
reference (8) describes a 5000-kw gas-turbine plant for central- 
station application. The regenerator of 75 per cent effectiveness, 
consisting of 1-in-diam tubes providing about 3.9 sq ft/shp, has a 
weight of the order of 21 lb/shp plant rating. While this mas- 
siveness and its concomitant cost and bulk may be admissible in a 
conservatively designed central-station-type plant, it cannot be 
extended to the transportation-type prime mover. 

This discussion emphasizes the ultimate necessity of the de- 
velopment of types of heat-transfer surfaces for the regenerator 
having substantially higher area-to-volume ratio characteristics 
than conventionally used boiler and condenser-tube banks. Thus 
attention is directed to the use of either small, circular, or flat tube 
surfaces of the order of !/,-in. hydraulic diameter, or else extended 
surfaces. In the latter case it will be necessary to have a type of 
construction allowing extended area on both the hot and cold gas 
sides since each heat-transfer film resistance is of the same order 
of magnitude, and the coefficients are sufficiently low to permit 
satisfactorily high ‘“temperature effectiveness ’’for the fin surfaces. 

To illustrate the wide variance in inherent compactness of dif- 
ferent surfaces, Table 1 compares the area-to-volume ratio of the 
several types of surfaces described in Fig. 1. The 10:1 difference 
for plate-fin surfaces as compared to the l-in-diam tubes and the 
2.3:1 comparison even with !/,-in. tubes is striking and demon- 
strates the basic advantages of the extended surface. 

The aircraft intercooler application is somewhat akin to that of 
the regenerator, as gas-to-gas heat transfer exists and the require- 
ments of compactness and lightweight are paramount. Here, 
both the extended plate-fin and tubular direct surfaces are com- 
petitive, but it has been necessary to resort to 1/,-in-diam tubes 
and smaller to match the over-all performance of extended sur- 
faces. This experience is probably indicative of the competition 
that will exist in the regenerator application for the open-cycle 
gas-turbine plant. 

While manufacturing methods are available for constructing 
tubular surfaces into high-temperature heat exchangers, such is 
not the case for extended surfaces. Heretofore, these have been 
used primarily in the aircraft intercooler and/or air-conditioning 
fields, and the preduction methods for low-temperature service 
cannot be directly extrapolated to the high-temperature regenera- 
tor application. Therefore there is a question as to whether or 
not the development of methods of high-temperature fabrication 
is worth the major effort it will undoubtedly require. A response 
to this question requires the prior technical answer to the follow- 
ing: 

1 What are the advantages in shape, size, and weight of the 
extended as compared to the direct-surface regenerator? 

2 Can extended surfaces be cleaned, and will the fouling rates 
be excessive? 

3 Will the extended surface be less expensive assuming that 
manufacturing methods can be developed? 


It is the objective of this paper to answer the first question by 
comparison of extended and direct-surface exchanger cores de- 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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COMPARISON OF AREA-VOLUME RELATIONS FOR 
SOME HEAT-EXCHANGER SURFACES 
Area/volume (ft?/ft8) 


TABLE 1 


Outside Inside 
1=in-O Dicirewlanghwhess seme ciate oles eaten tens altgmea ear 18.85 16.96 
(at = 2,2, = 1, Di/Do = 0.9) 
t/in-OD circular tubes). oc. um a0 8+ Ge hima che heal» 74.3 67.9 
(at = 2, a, = 1, Di/Do = 0.9) 
Plate-fin surface (see Fig. 1)........-++++++++teee 175.8 
(12 fins/in., 1/s-in. plate spacing) 
a: D=1.00 INCH XF2 5 :09 
b: D=0.25INCH Diseast 
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SURFACE 2-OUTSIDE TUBES 
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SS 
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0.375 IN. 0.25 IN. 
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PLATE SPACING (SEE TABLE2) SPACING (SEE TABLE 2) 


Fig. 1 Descriprion or Four Heat-ExcHaNGEeR SURFACES 


(Refer to Table 2 for further details of geometry and Fig. 4 for basic heat- 
transfer and flow-friction data.) 


signed for the same performance. The other two questions can 
not be answered categorically at this stage, but several points of 
interest will be considered. 

Heretofore, comparative studies of this character were impos- 
sible because of the lack of basic heat-transfer and flow-friction 
data for surfaces other than circular tubes. Under the sponsor- 
ship of the U. S. N. Bureaus of Shipsand Aeronautics, and the Office 
of Naval Research, however, basic data have recently been made 
available for a number of variations of the plate-fin type of sur- 
face of Fig. 1 (1, 2, 3, 4, 5, 6). 


REGENERATOR DESIGN CONSIDERATIONS 


The primary considerations influencing regenerator design may 
be summarized as follows: (1) manufacturing and cost limita- 
tions, (2) maintenance and cleaning requirements, (3) mechani- 
cal-design problems including a thorough consideration of thermal 
stresses, (4) weight, space, and shape limitations, (5) allowable 
flow-friction limitations, and (6) desired exchanger heat-transfer 
effectiveness. 

As indicated in the introduction, only items 4, 5, and 6 will be 
considered in any detail] in this paper. This will be accomplished 
in the following manner: 


1 Several gas-turbine cycles will be selected for consideration. 

2 Several different types of the extended and direct surfaces 
will be specified along with their basic heat transfer-flow friction 
characteristics. 


LONDON, KAYS—GAS-TURBINE REGENERATOR—USE OF COMPACT HEAT-TRANSFER SURFACES 


3 A nominal per cent pressure drop for hot-side plus cold-side 
flow friction will be specified for each cycle under consideration. 

4 A heat-transfer effectiveness also will be specified for each 
cycle. 


On this basis estimates will be made of the size, shape, and weight 
of regenerators utilizing the different surfaces. A critical com- 
parison will then follow. 


Heat-TRANSFER AND FLow-Friction EquaTIONS 


The exchanger-flow arrangement, the heat-transfer area, flow 
rates, exchanger effectiveness, and over-all conductance for heat 
transfer from the hot to cold gas sides are related by heat trans- 
fer and thermodynamic considerations. The resulting relations 
for a particular flow arrangement may be expressed in a form us- 
ing the following dimensionless groupings 


where ¢ denotes a functional relation. 

The exchanger effectiveness « compares the actual heat-trans- 
fer rate in the exchanger to the maximum possible rate as limited 
by thermodynamic considerations. This is equivalent to the ra- 
tio of actual cold-air temperature rise to the difference between in- 
let-hot-gas and inlet-cold-air temperatures, that is, the effec- 
tiveness compares the actual to the maximum possibility for air 
heating. 

The capacity-rate ratio, C,/C,, compares the mass-flow rate 
times specific-heat capacity product of the cold and hot streams. 
For the regenerator application, because.of the small contribution 


MULTI- PA - 
FLOW EXCHANGER Gmin /Cmox® | 


UNMIXED FLOW WITHIN PASSES 


77 2-PASS +N 
ARRANGEMENT 
ILLUSTRATED 


EFFECTIVENESS € % 


NO. OF TRANSFER UNITS, NTUmax® AU/Cmin 


Fig. 2 REGENERATOR EFFECTIVENESS—NUMBER OF Hpat-TRANS- 
FER Units RELATION 
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EXCHANGER PERFORMANCE 
EFFECT OF Gmin/Cmax 


COUNTERFLOW 


CROSS—FLOW 
BOTH FLUIDS UNMIXED 
t\ Gmin/Cmax? 0.9 


EFFECTIVENESS € % 


NO. OF TRANSFER UNITS, NTUmaxAU/Cmin 


Fic. 3 INFLUENCE oF CapaciTy-RATE RATIO ON REGENERATOR 
EFFECTIVENESS 


(For the gas-turbine system Cair/Cgas = Cmin/Cmax = 0.95 to 0,98.) 


of fuel to the hot-gas rate and the slightly higher specific heat with 
temperature, C,/C, is of the order of 0.96 to 0.98. 

The number of heat-transfer units, NTU = AU/C,, is a di- 
mensionless expression of the ‘‘heat-transfer size’ of the ex- 
changer. Note that the NTU is defined in terms of the minimum 
capacity rate (C, < C;,). 

Fig. 2 gives Equation [1] in graphical form for a number of flow 
arrangements, and the condition that C,/C, = unity, a condition 
approximately satisfied in the regenerator. The influence of ca- 
pacity-rate ratio is shown in Fig. 3 for C,/C, both unity and 0.90. 
Any intermediate condition can be established by interpolation. 

Flow pressure drop through the exchanger can be determined 
from the following relation 


AP Gy, Ve 
— =— —|(K,+1—ao? 2;-—1 
P, oe g i eas (2 )+ 


entrance effect flow accel- 
eration 
A Vay v 
Rana —#—K)"]..2) 
A, V1 Vv) , 
core ‘“‘skin”’ exit effect 
friction 


The terms associated with the flow contraction on entrance to 
the core, the flow acceleration or deceleration due ‘to the heat- 
transfer influence on density, the friction within the core, and the 
pressure recovery on flow expansion at exit are all indicated in 
Equation [2]. For multipass arrangements, losses in return 
headers must be accounted for separately. 
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The correct average specific volume to be used in the indicated 
skin-friction component is 


1 A 
ts = 5 dc A ee [3] 


For the sensibly unity magnitude of C,/C, in the regenerator, 
flow temperatures vary linearly with transfer area, A. Thus toa 
good approximation 


Vavg Ps P, Dave 


vy ea T; 


where T'avg, Pavg are the arithmetic average of the terminal mag- 
nitudes. 

For the heat-exchanger comparisons of this paper, a simplifica- 
tion of Equation [2] is employed by using nominal magnitudes for 
K., K,, ¢, and v/v, terms in the brackets. The result is for the 


hot-gas side 
(*) ~~ G V1 E 
12 9 an 29 IE 


and for the cold-gas side 


AP Gv, A Py Tiave 
ap) eal SSS =e | bad cca 6 
)) al Rene = (6] 


For the hot side, the entrance effect tends to cancel the influence 
of both the flow exit and flow deceleration pressure rises, but for 
the cold-gas side, flow acceleration on heating adds to the entrance 
pressure drop. This consideration accounts for the difference 
between Equations [5] and [6]. In any event, as the core friction 
Ar Tove 

term (oe T, ) 
sure drop is not markedly influenced by the other flow effects. 

The total regenerator flow-friction work expenditure is propor- 


tional to 
Ee eace 
12% total RP; a Pi o 


for a given cycle and a given operating pressure ratio. This frac- 
tion pressure drop is simply related to either the additional com- 
pressor work requirement or the diminution of turbine work 
arising from flow friction. A one per cent pressure drop on the air 
side causes just as much “loss” as one per cent on the gas side. 
Jith respect to the distribution of friction losses on the air and 

gas sides, the following general comments can be made: 

If the plant is to be operated primarily at full load, an approxi- 
mately equal distribution of flow-friction work is desirable, i.e. 


(AP/P1),/(AP/P,), = 0.7 — 1.5 


as it tends to result in minimum regenerator volume. Should high 
part-load efficiencies for the plant be desirable, however, the re- 
generator designs should tend toward 


(AP/P1)q/(AP/P1), < 0.25 


A Ie ZL al 
A, 12 avg T; 


is of the order of 15 to 50, the over-all pres- 


at full load. This conclusion stems from the fact that while the 
hot-side density is relatively constant with load for the open-cy- 
cle plant, the air-side density decreases markedly as pressure ratio 
is decreased. The consequence is, while the gas-side loss in terms 
of plant specific fuel consumption tends to remain fairly constant, 
the air-side loss increases strongly as load is decreased. Thus if 
(AP/P;), controls at full load the total loss will remain fairly con- 
stant rather than have an undesirable rising characteristic with 
decreasing load (7). 
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Hpat-TRANSFER SURFACES 


Only four types of surfaces will be considered in this paper: 
(1) flow inside circular tubes, (2) flow normal to circular-tube 
bundles, and (3), (4) two plate-fin surfaces, Fig. 1. However, 
each surface is susceptible to considerable variation as by chang- 
ing fin and plate spacing and tube diameter. The specific varia- 
tions in this respect are summarized in Table 2 as 1a, 20, etc. 

For the circular tube surfaces, in all cases specifically consid- 
ered here, the hot gas flows normal to the tubes and the cold air 
within the tubes, as this arrangement resultsin a minimum weight 
and volume regenerator. The effect of interchanging the flows, on 
the shape of the core, will be considered later. 

The basic heat-transfer and flow-friction data for each of the 
four surfaces are presented using the usual dimensionless plots of 
Ns:Np:/* and f versus Reynolds number, R, in Fig. 4. Only for 
circular tube surfaces, Nos. 1 and 2, Fig. 1, is exact geometrical 


Fic. 4 Basic Heat-Transrer AND FLow-Friction DaTA FOR THE 
SURFACES oF Fia. 1 


ey, ae denotes f characteristic; —_—-——— denotes NstNpr?’3 charac- 
teristic. 
(Data for surfaces Nos. 3 and 4 from references (2, 3), and for surfaces 
1 and 2 from reference (10)]. 


similarity maintained for all the variations. Nevertheless, for 
surfaces 3 and 4, even though complete geometrical similarity is 
not maintained, the use of a single Ns:Npr/* versus Randa single f 
versus R characteristic for each surface does not introduce serious 
error, This has been demonstrated in references (3, 4, 5) 
which show an excellent heat-transfer correlation for the different 
fin spacing with Reynolds number based on the flow hydraulic ra- 
dius, 7,. The f correlation is not as good but the departure from 
the average characteristics shown in Fig. 4 is less than 15 per cent. 


Gas-TURBINE CyYcLEs 


Four distinct gas-turbine cycles are included in this regenerator 
design survey: 


1 Cycle (A) is an open cycle with a 9:1 pressure ratio, 90 per 
cent intercooling and 75 per cent regeneration with (AP/P;)total 
< 3 percent. Such a system, designed for central-station power 
generation, is described in reference (8). 
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2 Cycle (B) is a closed cycle identical with cycle (A) except 
that the pressure levels are increased by a factor of four. 

3 Cycle (C) is an open-cycle system designed for a locomotive 
application with a 4.8:1 pressure ratio, no intercooling, and about 
60 per cent regeneration with (AP/P1)totai < 5 per cent. A simi- 
lar system is described in reference (9). 

4 Cycle (D) is an open “exhaust-combustion” cycle of 3:1 
pressure ratio with 75 to 80 per cent regeneration and ( AP/P;)totat 
<7percent. This system (11) is of possible interest in the coal- 
burning-locomotive application. All the thermal energy provided 
to the turbine working substance after leaving the compressor 
comes from heat transfer in the regenerator. The turbine ex- 
haust air is combusted with the requisite amount of fuel and is 
then fed into the regenerator before exhausting to the atmosphere. 
The basic advantage of this cycle for the coal-fueled plant is that 
the turbine working substance is clean air and not the products 
of combustion with attendant fly-ash erosion and fouling prob- 
lems. 

The operating conditions for the regenerator for these cycles 
are summarized in Table 3, giving the inlet state for hot and cold 
gases—pressure, temperature, and specific volume; the nominal 
average gas properties used in the heat-transfer friction calcula- 
tions—viscosity, unit heat capacity, and Prandtl’s number, Npr; 
and the capacity rate ratio, C,/C,, together with the specific air- 
flow rate, W, 1b/(1000 shp-hr). 


GEOMETRICAL RELATIONS 


Asa preliminary to the consideration of the results of the analy- 
sis for core shapes for the different regenerator applications, cer- 
tain readily derivable geometrical relations first will be estab- 
lished. These equations relate core dimensions and volume, the 
free flow:frontal area ratios for the two sides, the flow mass veloci- 
ties, and the specific flow rate, W lb of air or gas/1000 shp-hr. 
The air and gas-flow dimensions are independent of the plant 
rating but the nonflow dimension (or dimensions for true counter- 
flow) is, of course, directly dependent on plant rating. The more 
obvious relations for single-pass crossflow, 2-pass cross-counter- 
flow, and true counterflow are summarized in Fig. 5. This illus- 
tration also defines the nomenclature specifying over-all core ge- 
ometry. From these relations follow directly 


For any number of air-passes, n, in a cross-counterflow ar- 
rangement (single-pass on gas side) 


Ce) 1 
Wa OqT, G, G, 


a 


V 
b= (F Pi Gaba 9k Dasma cee ayes ie: [7] 
V 
if (a) 
For a true counterflow arrangement 
Ww | 
ih = ents 
o4Gq oG, 
. [8] 


The conclusions to be drawn from these relations are as follows: 


1 Counter and single-pass crossflow cores will have about the 
same air-flow dimension, c 

2 Counterflow cores can be designed for any nonflow dimen- 
sions, a or 6, only satisfying the (ab) product requirement given 
by the first of Equations [8]. 

3 For any number of passes in cross-counterflow, as long as all 
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the passes are on the air side, the gas-flow dimension is invariant 
with n, but the air-flow dimension varies inversely and the non- 
flow dimension directly with the number of passes, 1 

4 If the nonflow dimension tends to be too large for a par- 
ticular regenerator application, counterflow will give the best 
shape with single-pass crossflow next. 

5 For the crossflow arrangements, the nonflow dimension 
may be reduced by (a), reducing the number of passes, axn; 
(b), reducing the specific flow rate, ax W*; (c), increasing the 
volume, ax1/V; (d), maximizing the mass velocities G,,G,; 
(e), maximizing the o,:c, product. 

In this last respect, 5(e), not too much can be accomplished 
directly inasmuch as o, + o, 20.9. Consequently, o, can vary 
from 0.3 to 0.6 with no marked change in the o,:o, product. 
However, for the extended surfaces in particular, the o magni- 
tudes can have an important influence on transfer area per unit 
volume, hence on total volume, V, and as a result, indirectly 
on the nonflow dimension a. 

As crossflow cores tend to be better adapted to machinery 
arrangements as compared to counterflow, and since the plate- 
fin surfaces to be considered are more readily formed into cross- 
flow cores, no further consideration of counterflow will be at- 
tempted in this paper. Additionally, since the air-flow length 
tends to be considerably greater than the gas-flow length because 
of the great differences in density, in the specified -pass arrange- 
ments all the passes are on the air side. It is possible to arrange 
for multipasses on the gas side as well, without a fundamental 
change in the relative flow geometry, as pictured in Fig. 5, fora 


SINGLE-PASS CROSS-FLOW 


GAS: We=Goe-G-C-de LBS/I000 SHP-HR 
<j} 


AIR: Wa = Ga-O-D-da 
LBS./IO00 SHP-HR 


TWO-PASS CROSS-COUNTER-FLOW 


GAS! We = Ge-G'C-de LBS./IO00 SHP-HR 


i Se Ga Q:b da LBS/1000 ane 


TWO PASSES, AIR ONLY TWO PASSES, BOTH FLUIDS 


TRUE COUNTER-FLOW 
SS eee 


AIR: Wy = Gy OD dy 


GAS: We #G,0-bd 


Fic. 5 Description or Corr Grometry 
(See Equations [7] and [8].) 


core with two passes on both gas and air sides. However, this 
expedient just results in a further increase in the nonflow dimen- 
sion with the somewhat doubtful advantage of a decrease in an 
already small gas-flow dimension. 


REGENERATOR Corr SHAPES 
The foregoing considerations together with the data for the 
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CYCLE A - ARRANGEMENT “1 


4 ‘ GYGLE A-ARRANGEMENT “3. — ARR head f 
I" TUBES, GAS OUTSIDE, AIR INSIDE “ SIDE -SURFACE 30, LINCH PLATE SPACING CYCLE 8. BEAN GENER 
VOLUME =» 1485 f1/ 1000 shp 6 FINS PER INCH \" TUBES ,GAS OUTSIDE , AIR INSIDE 
AGS pel Cala : GAS SIDE-SURFACE 3f, hate Pyare SPACING ; VOLUME = 56.7 ft’/1000 shp 
+3 /Phom *2.88% 12 FINS PER INCH 
(eP/P)s HAP/P)s*01140 VOLUME = 30 f1’/1000 shp, WEIGHT = 1941 Ibs./1000 shp WEIGHT = 2060 Ibs/1000 shp 
GAS NTU= 3.80 (DP/P)rorm = 2.86 % NTU = 3.09 (AP/P),..4. "2.67 % 
RA A eh (a P/P), /AP/P), = 0.1125 
AIR 
GAS 
10' * 
| C) AIR | 
a 
0.67571000 SHP 1.01371000 sHP 1.35'/1000 SHP 
€=74% E=755% E=765% 
0.9'/1000 SHP 1.8'/1000 SHP ( 
CYCLE A - ARRANGEMENT “2 € = 72% E = 75.5% | 
V/4* TUBES, GAS OUTSIDE, AIR INSIDE a ry 
VOLUME = 3675 ft’/1000 shp SYCLE A- ARRANGEMENT "4 . 
WEIGHT = 1834 Iba7loo0sho * AIR SIDE-SURFACE 40, INCH PLATE SPACING 
NTU = 4.78  (aP/P)rem = 2.69 % 6 FINS PER INCH, INCH LOUVERS . 
(AP/P)AHAP/R Jo= 0.109 GAS SIDE-SURFACE 3f, +INCH PLATE SPACING 0.275 1000 shp 0557/1000 ghp 
12 FINS PER INCH 274.5% E=75.5% 
a ae VOLUME = 27.ft?/1000 shp, WEIGHT = 1750 Ibs./1000 shp 
NTU = 3.79 (OD P/Pyrom = 2.57% a 
(A P/P) P/P)e= 0.359 CYCLE 6 ARRANGEMENT “2 
1/4" TUBES , GAS OUTSIDE , AIR INSIDE 


165171000 SHP 33071000 SHP VOLUME = 10.96 ft?/IOO0Oshp 
E-75% ears WEIGHT + 398 Ibs/I000shp 
NTU = 3.35 (AP/P).,,,. = 2.59 % 
‘ (AP/P), /(AP/P), = 0.0508 
Ls'/1000 SHP 3'/1000 SHP 
E «73% E:76% ee Bw 


CYCLE B -ARRANGEMENT = a 05 
AIR SIDE-SURFACE 30, 4 INCH PLATE SPACING 


6 FINS PER INCH 


1.471000 shp 


y 
GAS SIDE- SURFACE 3c, — INCH PLATE SPACING he ES A £=75.5% 
. 12 FINS PER INCH € =74% 
VOLUME = 9.75 ft°/t000 sx WEIGHT » 656 Ibs/1000 sup 
NTU = 3.52 (4P/P, ora 2 2.33 Zo 
(AP/P, ),/(4P/P,),2 0.195 ¢ 
= ths CYCLE _B — ARRANGEMENT "5 
AIR SIDE— SURFACE 40, ¢ PLATE SPACING 
6 FINS PER INCH, $ LOUVERS 
GAS SIDE-SURFACE 4c, + PLATE SPACING 
12 FINS PER INCH, @ LOUVERS yy 
VOLUME =7.05 {1/1000 shp WEIGHT = 475 Ibs/1000 shp CYCLE GC - ARRANGEMENT “2 
/ NTU =367 (aprAyion. =2.81% AIR SIDE - SURFACE 3a, 1/4 INCH PLATE SPACING 
0.21000 SHP 0.4'/1000 SHP 0.6'/1000 sHP (APP, )a /( P/R g= 0.243 6 FINS PER INCH 
€= 71.0% E* 745% E= 76.0% 


GAS SIDE - SURFACE 3f, 1/2 INCH PLATE SPACING 


12 FINS PER INCH 
VOLUME = 20.6 ft’/i000 shp = WEIGHT = 1333 Ibs /iooo shp 
NTU « 1.985 (AP/R )rorm * 4.81 % 

(OP/R), AAP/P), = 0.583 


CYCLE B-ARRANGEMENT *4 


AIR SIDE - SURFACE 4a, 7 INCH PLATE SPACING 
6 FINS PER INCH, $INCH LOUVERS 
GAS SIDE- SURFACE 3c,~% INCH PLATE SPACING 


12 FINS PER_INCH 


VOLUME = 8.83 ft*/i000 snp ~=WEIGHT=594 Ibs /io00 sup 042'1000 SHP 0 8471000 SHP 12671000 SHP ; 
NTU = 3.47 (4P/Proras #2135 % €=720% E 755% € 2770% 
(aP/R),/(°/P), = 0.190 


CYCLE CG — ARRANGEMENT “I 
+ TUBES, GAS OUTSIDE , AIR INSIDE 
VOLUME = 1450 ft71000 shop 
WEIGHT = 526 Ibs/!O000shp 
NTU = 19) (OP/P,)rormar= 482% 


1.86'/1000 sh s 
(aP/A)y /(AP/R)s = 057! boot aah oc 
{ i CYCLE D — ARRANGEMENT *| 
0333'/1000 SHP 0.666'/1000 SHP 1.0'71000 sHP { NEI 3 > SUEN he : VAC INGHARE ATESSPACING 
£ 071.0% €= 745% E= 76.0% 6 FINS PER INCH 
: GAS SIDE - SURFACE 3f, 1/2 INCH PLATE SPACING 
108 ae 12 FINS PER INGH 

ot VOLUME = 86.3 ft?/i0ooshp WEIGHT = 5596 Ibs /iooo shp 

| d 29671000 SHP NTUs 5.14 (AP/B) rom =" 6 71% 

E= 610% 


(AP/R), AAP/P). = 0.864 


» 214%i000shp £-=765% 4.28'/ioooshp €& = 795% 
CYCLE D- ARRANGEMENT 2 
1/4 INCH TUBES, GAS OUTSIDE, AIR INSIDE ; 
VOLUME = 67.5 ft?/I000 shp, WT.= 2450 \bs./1000 shp 
; NTU = 5.13 (AP/R) rom = 6.34 % 
) (AP/P)s /ADP/P)e= 0.893 


Fig. 6 REGENERATOR CorE DESIGNS 


(Refer to Tables 2, 3, and 4 for further details of surfaces and operating 
conditions.) 


3'/1000 SHP 6'/1000 SHP 
E= 76.0% €279.5 % 
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LONDON, KAYS—GAS-TURBINE REGENERATOR—USE OF COMPACT HEAT-TRANSFER SURFACES 


specified surfaces were employed to design thirteen regenerator 
cores. Four heat-transfer surface variations were used for 
Cycle (A), the 9:1 pressure ratio central-station-type plant. 
Five surfaces were considered for the closed-cycle plant (B). 
Two surface variations were selected for each of the locomotive- 
plant cycles, (C)and(D). All designs for a particular cycle were 
made for approximately equal heat-transfer effectiveness and 
total per cent pressure drops as specified in Table 3. Devia- 
tions from uniformity in this respect arise from the necessary 
trial-and-error successive approximation method of calculation 
characteristic of heat-exchanger design. The tedium of attaining 
exact equivalence was considered not to be worth the effort. 

These thirteen designs are shown in Fig. 6. More detailed in- 
formation with respect to film coefficients, mass velocities, 
Reynolds numbers, temperature effectiveness of extended surfaces, 
etc., are summarized in Table 4. 

From these comparisons the following factors are most strik- 
ingly evident: 


1 One-inch tube regenerators weigh 3 to 5 times as much as 
1/,-in. tube or extended plate-fin surface regenerators. 

2 One-inch tube designs have the smallest nonflow dimension 
for a given number of cross-counterflow passes. However, the 
other dimensions are so large that the volumes are 4 to 8 times as 
great as the other designs. 

3 For small flow frictions, i.e. (AP/P1)totai < 3 per cent, the 
plate-fin surfaces have the following advantages relative to the 
1/,-in. tube surface: (a) smaller volume, by 10 to 15 per cent, 
(b) smaller nonflow dimension, by 10 to 60 per cent. However, 
the weight is greater by 20 to 60 per cent. 

4 For large flow frictions, i.e. (AP/P)totar > 5 per cent, the 
1/,-in. tube surface has the advantage of (a) smaller volume by 
30 per cent, (6) smaller weight by 20 to 50 per cent. However, 
even here the nonflow dimension is substantially poorer by 20 
to 30 per cent as compared to the plate-fin surface. 

5 Low-effectiveness regenerators, i.e., cycle (C), although of 
considerably smaller volumes, tend to have large nonflow dimen- 
sions. Reference to Equation [7] will demonstrate the reasons. 
The combination of smaller volume and the characteristically 
higher specific flow rate, W, combine to give a Jarger nonflow 
dimension in spite of larger mass velocities permitted by the 
higher friction allowance. 

6 In the exhaust combustion cycle (D), as the effectiveness 
« must be high and since the specific flow rate is large, the volume 
of the exchanger is inherently quite large, e.g., 70 to 90 cu ft/1000 
shp as compared to 30 to 40 cu ft/1000 shp for cycle (A). To 
fit the requisite exchanger into a locomotive cab for ratings 
greater than 2000 shp will necessitate the use of small tubes 
(1/4 in.) or extended surfaces. 

7 The regenerator volume in the closed-cycle plant (B) is 
only 25 to 30 per cent of that for the comparable open cycle (A). 
Most of this reduction of volume is realized by a much smaller 
nonflow dimension. In turn this means much better regenerator 
shapes for the large-capacity closed cycle as compared to the 
open-cycle system. 

8 Contrary to general opinion, the extended surfaces of the 
plate-fin type, even when made of thin sheet (0.010 in.) and low 
thermal conductivity material (& = 12 Btu/(hr sq ft deg F 
ft) characteristic of high-temperature alloys), will have a fairly 
high temperature effectiveness on the order of 70 to 80 per cent, 
that is, the plate-fin surface per unit area will transfer 70 to 80 
per cent as much heat as a prime or direct surface operating with 
the same temperature and film coefficient conditions. This 
conclusion also holds for the closed-cycle plant even with the 
much higher film coefficients, h,, ha. 

These designs, Fig. 6, are not necessarily of “optimum” shape 
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for the particular surface selected, because optimum conditions 
depend on the machinery arrangement and rating of the plant in 
question. However, it is believed that the geometries shown 
will yield a qualitative idea of what can be accomplished with 
the different surfaces considered. 

For the circular tube surfaces with interchanged flow, i.e., 
gas inside and air flow normal to the tubes, calculations for 
several examples yielded the following comparisons with the 
comparable gas-inside-of-tube systems: (1) volume is increased 
by 20 per cent, (2) the nonflow dimension is essentially unchanged, 
(3) the gas-flow dimension is almost exactly doubled, (4) the air- 
flow dimension is almost exactly halved, and (5) the gas- 
side velocities are increased two and a half fold and the air-side 
velocities are reduced three and a half fold, 


FouLine CHARACTERISTICS 


The foregoing designs incorporated no allowance for fouling. 
Until more is known about this behavior for the different surfaces, 
to include such a factor might be conservative but would be very 
much guesswork. Cognizance was taken of the problem, how- 
ever, to the extent that for all the gas-side plate-fin surfaces of 
the open-cycle plants (A), (C), and (D), plain fins were used in 
preference to louvered fins, the opinion being that louvered sur- 
faces would provide edges for the accumulation of soot deposits. 

The plate-fin surfaces on the gas side operate with somewhat 
higher average and maximum velocities than the tube surfaces 
with air flow inside the tubes. Also, there are no low-velocity 
regions except of course for the boundary layer. Consequently, 
it is believed that the plate-fin surfaces will have a reduced 
fouling tendency. In fact, the high velocities (50 to 70 fps) and 
the smooth passage walls may provide a continuous soot-blowing 
action. In any event, mechanical cleaning of the gas side will 
not be feasible for either !/,-in. tube surfaces or for the plate- 
fin surfaces. In all probability water or chemical washing 
methods must be employed. 

One advantage of interchanging the flow for the circular tube 
surfaces, which may outweigh the cost of increased volume, is that 
for gas flow inside the tube the gas velocities are on the order of 
120 fps as compared to 50 fps for gas flow normal] to the tubes. 
These high velocities in smooth tube passages, as in the case of 
the plate-plain-fin surface, should provide for a very effective 
self-cleaning action. 


MANUFACTURING Costs 


The plate-fin surfaces have several advantages in principle 
from the point of view of labor and material costs, provided that 
suitable high-temperature furnace brazing and/or automatic 
production-welding techniques can be developed. 


1 High-temperature alloys in sheet form have a substantially 
lower cost because of the high cost of the die-drawing procedure 
used for tubing. 

2 The !/,-in. tube surface regenerator of Cycle (A) requires 
4650 9-ft tubes/1000 shp for the single-pass crossflow arrange- 
ment. For the n-pass arrangement a proportionately greater 
number of tubes of shorter length are required. On this basis 
it would appear that the hand labor involved in providing for 
more than 9000 tube-sheet joints per 1000 shp rating would be 
prohibitive. In the case of the plate-fin surface, the tube-sheet 
periphery requiring sealing is greatly reduced, and _ possibly 
furnace-brazing techniques could completely obviate the neces- 
sity of hand labor in this respect. 


CONCLUSIONS 


The conclusions and opinions that may be formed from the 
foregoing discussion are as follows: 
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1 In order that circular tube surfaces can become competitive 
with extended surfaces of the plate-fin type with respect to 
volume, weight, and shape, it is necessary to resort to small 
diameters of the order of !/,in. Even then the plate-fin surface 
will have the advantage of a smaller nonflow dimension. 

2 Units fabricated from small-diameter tubular surfaces in 
high-alloy material will probably have a higher material and 
labor cost than the plate-fin surface, provided that methods of 
furnace-brazing fabrication can be developed for the latter. 

3 If compact regenerators have to be realized, mechanical 
cleaning methods cannot be employed. In this respect the plate- 
fin-type of surface appears to be more cleanable and will proba- 
bly show less tendency to foul as compared to 1/,-in. tube or 
similar surfaces. 

4 It is believed that these conclusions Justify a considerable 
developmental effort devoted to plate-fin surface fabrication 
for high-temperature service. 

5 The geometric advantages of true counterflow as compared 
to n-pass cross-counterflow arrangements in many cases may 
warrant the difficulties of header design. 

6 Conceivably, other superior types of compact surfaces are 
available or can be developed. Firm conclusions regarding each 
surface can be made only after their basic heat-transfer and 
flow-friction characteristics are determined. The lack of such 
data has tended to restrict current regenerator thinking to the 
shell-and-tube-type surface. 

7 In all probability experience will demonstrate that there 
is no one best surface for the regenerator application and that 
the designer will need information on a number of surfaces so 
that the best solution may be made for the particular cycle and 
machinery arrangement. 
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Discussion 


D. Aronson.‘ A realistic comparison between tubular heat 
exchangers and extended-surface plate-fin types is extremely 
difficult to make. The characteristics of tube-and-shell design 
have been established as a result of years of experience, and 
manufacturing costs are readily estimated. In so far as this 
writer knows, only three models of a large-size plate-fin extended- 
surface exchanger for high-temperature service have been built. 
The cost of manufacturing these three pioneer models is 
several times higher than a tubular design for the same service 
due partly to high cost of development. However, there are no 
cost data on operations comparable to those involved in the 
fabrication of extended-surface regenerators to encourage the 
view that they will be cheaper than tubular units. Engineers 
have a tendency to look more favorably upon new designs 
whose full assortment of hobgoblins have not yet made an appear- 
ance. 

There is a special field of application for each type. For small 
installations it is possible to obtain better performance with 
small-diameter tubing or with closely spaced fins than with larger- 
size tubing. As the size of the gas turbine increases, the 
need for smal] diameters diminishes. This arises from the fact 
that the effectiveness of a regenerator is a function of the length- 
to-diameter ratio of passages. In small units either length must 
be obtained by a multipass arrangement or small diameter must 
be employed. A comparison such as made by the authors on the 
basis of dimensions per shp is not strictly valid. 

The need for further development of plate-fin surface fabrica- 
tion is very real as regards brazing techniques, end connections, 
thermal stresses, fin effectiveness, and resistance to oxidation. 

The superiority of plate-fin-type surface for minimum weight 
and volume mentioned in the text of the article is not borne out 
by the authors’ own calculations as shown in Table 4. In every 
instance the weight and surface are least for 1/,-in. tubes and in 
most instances the volume is just a little less for the tubular 
design. The comparison is as follows: 


Best design plate-fin 


1/4-in. tubes extended surface 


Cycle A 1050¢ 1750 
Cycle B 436% 475 
Cycle C 526 1333 
Cycle D 2450 5996 
———— Volume, cu ft———-—\ 
Cycle A 29.32 27.0 
Cycle B 12.0¢ w205 
Cycle C 14.5 20.6 
Cycle D 6720 86.3 
Surface, sq ft (total of both passages) —\ 

Cycle A 4170% 8050 
Cycle B 1705¢ 2150 
Cycle C 2060 6250 
Cycle D 9600 » 25,700 


* The figures for the tubular design have been modified proportional to- 
the ratio of the NTU of the tubular design to that of the extended surface 
so that the comparison will be somewhat closer to a fair picture. 

The advantage of the plate-fin surface in having a smaller non- 
flow dimension is not quite clear from the authors’ remarks. 
The virtue of the plate-fin surface can perhaps be better expressed 
in a different way. It possesses a greater degree of design flexi- 
bility in that the proportion of surface on the hot side to that on 
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the cold side can be varied over a wide range. This flexibility 
makes it possible to fit the regenerator into any particular ge- 
ometry with maximum effectiveness for a given pressure drop. 
Where volume of regenerator is the sole criterion the non-flow 
dimension should be made as large as possible. 

The dimensions of a tubular unit often result in an inefficient 
ratio of heat-transfer coefficients on the cold side to that on the 
hot side, and since the surface areas on the two sides are related 
directly as the diameter ratios, there is no opportunity for im- 
proving the utilization of surface. As a result, it will often be 
found that for a particular geometry of available space for the 
regenerator the plate-fin design can give a higher effectiveness 
for the same pressure drop. The price to be paid for this better 
performance will be a greater surface area, possibly a greater 
weight, and a greater cost. 

The writer of this discussion presented at the ASME Annual 
Meeting, December, 1949, a method of designing for optimum 
performance, which includes consideration of some of the fore- 
going factors. 


AutTuHors’ CLOSURE 


The authors agree with Mr. Aronson that a realistic compari- 
son of general validity between tubular and extended surface gas- 
turbine regenerators is next to impossible to make. Even for a 
particular application, a comparison made now would not be valid 
at some later time because of rapidly changing conditions with 
respect to costs, methods of fabrication, and the development of 
new surfaces. Nevertheless, if limited comparisons can be made 
they should be made with as complete a realization as possible of 
the limitations. These are the “‘hobgoblins” referred to by Mr. 
Aronson. If engineers fail to look ahead, that is, ‘‘look favora- 


bly on new designs,” the gas-turbine development will not 
overcome the advantage of the entrenched position now occupied 
by the conventional prime mover systems. 

The comparison of regenerator geometry on the basis of non- 
flow dimension per 1000 shp will allow ready visualization of the 
size of heat exchanger required for any plant capacity, large or 
small. Mr. Aronson’s objection to this basis is not clear to the 
authors. 

There is no disagreement between the authors’ text and the 
comparisons presented by the discusser regarding the ‘‘superi- 
ority of plate-fin-type surfaces.’’ However, it was perhaps not 
emphasized that !/, in. tubes probably represents the most com- 
pact circular tube surface that is practical while it is quite proba- 
ble that more compact and more effective plate-fin surfaces exist 
or can be developed. As a matter of fact, current studies (12) 
confirm this view. 

It is obvious from the first of Equations [7] that an increase of 
volume brought about by a change of surface will tend to de- 
crease the nonflow dimension. It should be pointed out, how- 
ever, that for a given surface the minimum volume design will also 
be very close to the minimum nonflow-dimension design. The 
increase of volume which produces a smailer nonflow dimension 
comes about from the use of a less compact surface. Thus the 
use of compact heat-transfer surfaces tends to yield small-volume 
heat exchangers but with large nonflow dimensions, as can be seen 
by an examination of the various designs for Cycle (A). If small 
volume is the only criterion then a large nonflow dimension will 
have to be accepted; as Mr. Aronson points out. It seems to the 
authors, however, that both ‘tgood’’ shape and ‘‘small” volume 
and ‘high” effectiveness are criteria which have to be in some 
measure mutually compromised in the usual design. 
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A Perforated-Plate Heat Exchanger 


By H. O. McMAHON,! R. J. BOWEN,! anv G. A. BLEYLE, JR.! 


Performance data of heat transfer and flow resistance are 
presented for the continuous heating of air in several ex- 
perimental variations of a new type of perforated-plate 
heat exchanger. These exchangers consisted of sections 
built up by stacking multiple units of a perforated alumi- 
num plate and a neoprene gasket, to form parallel channels 
perpendicular to the plate faces. Tests were conducted 
by causing air to flow countercurrently through these 
passages. The effects of hole diameter, plate thickness, 
and gasket thickness (or plate separation) are indicated. 
Results are presented jointly in the form of a pressure- 
drop efficiency factor versus Reynolds number for por- 
tions of the range between 800 and 4300. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


a@ = numerical coefficient, dimensionless 
A, = surface area inside holes of one set of channels, sq ft 
Az = total heat-transfer surface on both faces of plates of 
one set of channels, sq ft 
A; = effective heat-transfer surface on both faces of plates 


of one set of channels, sq ft 


A, = mean area of cross section of fins in one set of chan- 
nels, sq ft 
b, = distance between centers of adjacent holes, in. 


b, = length of fin (i.e., channel width), ft 

channel height, ft 

b, = gasket ligament width (i.e., metal path between chan- 

nels), ft 
c = specific heat of air, Btu/(lb) (deg F) 

diameter of holes in plates, in. 

fr = friction factor based on plate thickness, defined by 
Equation [5], dimensionless 

gravitational conversion factor, (lb) (ft)/(sec?) (lb 
force) 

Gmax = mass velocity, based on hole diameter, lb/(hr) (sq ft) 


h, = average heat-transfer coefficient of fin, arbitrarily 
based on A,, Btu/(hr) (sq ft) (deg F) 

ho = actual local heat-transfer coefficient, based on A2, 
Btu/(hr) (sq ft) (deg F) 

ha = actual local heat-transfer coefficient, based on Aj, 
Btu/(hr) (sq ft) (deg F) 

7 = heat-transfer factor for fluid flow, dimensionless 
mee Neb 
ia CGinax k 

k, ky = thermal conductivity of air and fin material, respec- 


tively, (Btu) (ft)/(hr) (sq ft) (deg F) 
L = plate thickness, in. 


L, = gasket thickness, compressed, in. 
L, = length of exchanger section, ft 
nm = numerical exponent, dimensionless 
N, = number of plates per exchanger section 
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Nre = Reynolds number, based on hole diameter, dimension- 
DG 
less (| Nre = ——— 
12 4 
APave = averaged pressure difference across warm and cool 


channels of exchanger, lb force/sq in. 
qave = rate of heat transfer, averaged for the warm and cool 
channels, Btu/hr 


scfm = volumetric flow rate, std cu ft/min 
T, = cool-side inlet-gas temperature, deg F 
T, = cool-side outlet-gas temperature, deg F 
T; = warm-side inlet-gas temperature, deg F 
T, = warm-side outlet-gas temperature, deg F 
T; = gas temperature after rotameter, deg F 


AT) = temperature difference between root of fin and gas 
stream, deg F 


AT, = length- mean temperature difference between fin and 
gas stream, deg F 
AT,, = temperature difference in metal between channels 
(i.e., between roots of adjacent fins), deg F 
AT, = log-mean temperature difference for exchanger, deg F 
U = over-all heat-transfer coefficient, based on A;, Btu/ 
(hr) (sq ft) (deg F) 
V = gas velocity in holes, ft/min 
n= APn = fin effectiveness, dimensionless 
AT. 
p = gas density at average exchanger conditions, lb/cu ft 
m = gas viscosity at average exchanger gas stream tem 


perature, lb/(hr) (ft) 
INTRODUCTION 


During the past decade, and particularly since the end of the 
war, several industrial processes have been developed which entail 
the handling of large volumes of gases and depend for commercial 
feasibility on a high degree of heat economy with a small to 
moderate capital investment. For example, there are the pro- 
posed techniques for tonnage production of oxygen (1)? as well 
as various specialized applications of the gas turbine. However, 
in none of these cases can the prime requisites of large effective 
surface area per unit volume of equipment and high efficiency of 
heat transfer with low flow resistance be satisfactorily met by the 
use of conventional designs of gas-to-gas heat exchangers. Con- 
sequently, process planners have been paying close attention to 
each promising new design of extended-surface exchanger. 

Since the appearance of the definitive paper by Norris and 
Spofford (2), there have appeared in the technical and patent 
literature descriptions of many apparently practical design varia- 
tions of extended-surface heat exchangers. Generally they con- 
sist of enclosures of separate, adjacent, fluid-flow channels formed 
from concentric piping or parallel sheets of highly conductive 
metal, the free spaces of which are partially occupied by some 
form of extended surface bonded to the channel-defining walls. 
Some fin-forming materials which have aroused considerable 
interest are the edge-wound helixes of copper ribbon devised by 
Collins (3, 4), louvered or smooth crimped metal plates (5), pin- 
fins formed from square helixes of wire (6) and stacked, louvered 
sheet-metal stampings (7), fin-base continuity being obtained in 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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each case by means of brazed or soldered contacts at the channel 
walls. 

The ideal heat exchanger would appear to have the following 
characteristics: Simplicity of manufacture from low-cost mate- 
rials; adaptability of the basic design for varying conditions 
of use; the possibility of effecting repairs to the interior of the 
unit without total replacement; a relatively simple manifolding 
problem, particularly for switch or reversing service; the ability 
to carry fairly large differential pressures in adjacent channels; 
a minimum effect of longitudinal heat conduction; interchannel 
heat conduction through ‘“‘parent’’ metal without the use of ther- 
mal bonding, together with the basic considerations of large 
heat-transfer capacity and low resistance to flow. 

It is the purpose of this paper to present a range of performance 
data of heat transfer and flow resistance for the heating of air in 
several variations of three basically similar experimental models 
of a unique perforated-plate type of extended-surface heat ex- 
changer designed particularly for air separation. Exchangers of 
this type possess a great many of the characteristics of an ideal 
heat exchanger, particularly those of large heat-transfer capacity 
with moderate frictional losses. In recognition of this a patent 
application has been filed. The data presented are not compre- 
hensive in the sense that they cover only a limited range of varia- 
tion of the numerous parameters at the control of the designer. 
It is felt, however, that the range covered is sufficiently broad to 
include most of the probable engineering applications. 


DESCRIPTION OF EXCHANGER 


It will become evident that the dimensions and materials of con- 
struction of perforated-plate exchangers can vary widely and that 
the optimum specifications cannot yet be considered as definitely 
determined for any specific application. For this reason, the 
present description will be confined to a presentation of the essen- 
tial details and properties of the particular experimental units 
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studied in this investigation, some sample components of which 
are shown in Fig. 1. However, it should be noted that commercial- 
size units are being fabricated, the basic design of which is similar 
to that of the Groups I-II runs. (See Table 1.) 

The experimental exchanger section was 31/2 in. square and 
from 1.5 to 3.5 ft in length, completely insulated externally, the 
only outside connections being the inlet and outlet pipes and two 
pressure taps at each end. Such a section was built up in the form 
of a stack of units, each consisting of a thin square plate of pre- 
cision-punched 2-S aluminum sheet placed on a thin die-cut neo- 
prene gasket to form four individually gastight, parallel, narrow, 
longitudinal flow channels of matched metal openings, each ap- 
proximately 1/2 in. wide X 3 in. high. The complete stack, 
together with a cast aluminum header at each end, was held to- 
gether by means of steel tie rods bolted to the periphery of 1/,-in- 
thick steel end plates. Piping connections were provided in the 
end plates. | 

The circular punched holes in the plates were spaced evenly 
along rows parallel to a side and offset from each other in the per- 
pendicular direction at the vertexes of equilateral triangles to form 
a series of horizontal unit fins, as indicated in Fig. 2. 

Gases could thus pass in countercurrent turbulent motion along 
two sets of adjacent flow passages, transferring heat by conduction 
through the perforated metal. Actually, the cool and warm gas 
streams were each divided by the headers, allowing the cooler in- 
coming gas to flow in the two ‘outer channels, while the warmer 
gas passed in the opposite direction through the inner channels. 
The center passage was blocked off and served as a dead space. 

This design of heat exchanger has certain obvious advantages. 
The turbulence of flow induced by the presence of the gasket 
spacers, together with the high proportion of exposed fin surface, 
provide for a favorable rate of heat transfer. The perforated- 
plate construction enables the attainment of very high fin effi- 
ciencies, by proper choice of fin length and flow conditions. The 


Fie. 1 Some Hrat-Excnuanepr Components 


[(A) Plate with 1/s-in. holes on 4/1-in. staggered centers; 
holes on 1/s-in. staggered centers; (D) portion of stacked exchanger; 


(B) typical neoprene gasket; (C) plate with 1!/i:-in. 
(E) inner face of header, note pressure 


taps; (F) center spacer; (G) outer face of header. ] 
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PHYSICAL DETAILS OF EXCHANGERS 


ee eT 


RUN Lg(in. ) D(in. ) L(in.) be (in .) be (ft.) by (ft. ) by (ft. ) L,(ft.) Ny Ay(sqeft.) Ay (sq.ft.) 
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: Fic. 3 EXPERIMENTAL INSTALLATION 


GASKET 


UNIT FIN 


UNIT FIN 
GROSS SECTION 
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Fig. 2 Scuematic REPRESENTATION OF FIN 


employment of aluminum makes use of the usually higher ratio of 
thermal conductivity to cost per unit mass of that material com- 
pared to the value for other more conventional heat-transfer 
media, an important consideration for oxygen plants. The sim- 
plicity of construction is evident, as is the fact that an exchanger 
of this type can be disassembled plate by plate and reconstructed 
to meet new situations. Also, where necessary, several materials 
of construction or techniques of assembly can be used in a single 
section. Through the use of neoprene gaskets, heat conduction 
along the length of an exchanger is effectively eliminated. The 
use of neoprene also affords a very tight locked-in-place seal be- 
tween plates, which can be maintained almost indefinitely, even 
at the temperatures of liquid air. Finally, it is possible by regula- 
tion of the hole diameters, spacing of centers, channel width, and 


gasket and plate thicknesses to vary the amount and type of in- 
duced turbulence as well as the fin efficiency, thereby to obtain the 
optimum values of heat transfer and friction losses for specific 
conditions of operation. As will be shown later in this paper, save 
for certain technical difficulties involved in the preparation of 
adequate low-cost gaskets, this design seems to offer possibilities 
of great utility to the field of gas-to-gas heat transfer. Indeed, 
the results of preliminary tests of furnace-brazed construction 
employing aluminum gasket spacers have indicated already that 
the economic position of this exchanger design can be improved 
greatly with little sacrifice of intrinsic performance character- 
istics. 


Test INSTALLATIONS 


A schematic representation of the arrangement of the equip- 
ment used in this investigation is shown in Fig. 3. 

Filtered test air was drawn into the system through a compres- 
sor of 30 cfm capacity. The air was then moved through the outer 
cool channels of the exchanger, through a small steam coil heater, 
and out through the inner warm channels of the exchanger, before 
being exhausted to the atmosphere. 

Gages G-1 and G-2 were used to indicate the approximate inlet 
air pressure. Temperatures were measured by means of mercury 
thermometers. Static pressures and pressure drops were meas- 
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ured by means of mercury manometers. Flow rates were meas- 
ured by means of a rotameter. 

The complete exchanger, including manometer taps and ther- 
mometer wells, was thermally insulated with 6 in. o/ closely 
packed mineral wool. 

Because of the simplicity of construction, few difficulties were 
encountered in the operation of these installations. 


PROCEDURE 


Experimental: The greatest installation problems were en- 
countered during the assembly of the first exchanger section 
Finally, a technique was developed to insure uniformity of pro- 
cedure and freedom from interchannel leaks. For this purpose a 
U-shaped metal frame was constructed, in which were stacked, in 
order, a face plate with two !/2-in. pipe connectors, a heavy neo- 
prene gasket, and a rough-cast-aluminum header, Fig. 1 (G), 
and then, alternately, gaskets and perforated plates to form 
half of a unit. A 3/s-in-thick cast-aluminum spacer, Fig. 1 (F), 
was then added and the second half of the exchanger completed, 
with the exception that the aluminum plates in this half were re- 
versed as to the direction from which they had been punched. 
This latter expediency was considered necessary after preliminary 
tests of frictional effects had demonstrated a certain variation of 
pressure drop with direction of fluid flow through these plates 
caused by the difference in roughness of the hole ends. To assure 
uniformity of alignment still further, the precaution was taken to 
index the plates as to the direction from which they had been 
punched. Compared with examples of mill-run punched sheets 
which have been observed, these plates were quite accurately 
punched, The exchanger sections were held together by means of” 
tie rods passing along the sides and bolted to the face plates. By 
taking up on the tie-rod nuts, the thickness of the gaskets could be 
varied over a range of about 30 per cent. The assemblies were 
then tested for leaks with air at 200 psig. In the only case of 
failure, the gasket between a manifold and a face plate gave way 
under a hydrostatic pressure of 1000 psig. It was observed that 
the gaskets between plates were actually locked into place by the 
expansion of the neoprene into the perforations. This same as- 
sembly technique was used with good success for the three groups 
of runs. The auxiliary test equipment was assembled with pipe 
fittings in a conventional manner. The rotameter was calibrated 
with a standard orifice. 

Three separate groups of runs were carried out, using a different 
design of perforated plate for each group. The gasket thicknesses 
were varied as noted in Table 1. It should be pointed out that in 
the runs of Group II, the !/s-in. plate thickness was achieved by 
the use of units consisting of two 1/,.-in. plates cemented together, 
In this case an effort was made to assure that the direction of 
perforation was the same for each 1/,5-in. plate, but it is not cer- 
tain that this was always achieved. In any case, the juxtaposi- 
tion of two slightly conically tapered holes, 4/is in. in length, 
varying in diameter from end to end by as much as 5 per cent, 
certainly introduced a complication of the friction situation in 
comparison to the single-plate installations of Groups I and ILI. 

The capacity of the compressor limited the range of flow rates to 
between 5 and 29 scfm. The use of mercury manometers necessi- 
tated approximations of uncertain precision in the case of pres- 
sure drops at the lowest flow rate. The static pressure of the air 
was kept at about 5 psig. 

In the conduct of a run, inlet air was heated from approxi- 
mately 70 to 220 F in the outer cool channels of an exchanger. 
This air was then passed through an auxiliary heater, after which 
it passed back through the warm channels in which it cooled from 

about 250 to 100 F. Actually, the log mean temperature dif- 
ference in the exchanger varied from run to run between 11 and 
35 F. A typical run to obtain a single series of flow data points 
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required 6 hours for completion. Two extra hours were consumed 
in obtaining steady temperatures and smooth operation. At 
least three check values were obtained for each piece of data at 6 
points in the range of flow rates for each plate design and gasket 
thickness. 

Treatment of Data: The various temperatures, pressures, pres- 
sure differentials, and flow rates measured experimentally were 
combined with the data on the physical characteristics of the 
exchangers given in Table 1, to provide values of the heat- 
transfer coefficients, heat-transfer factors, friction factors, and 
heat-transfer efficiency factors, some of which are presented in 
Table 2, together with some of the important Jesser variables. 

As a matter of convenience, all reported values of heat-transfer 
coefficients have been based arbitrarily on A, the area inside the 
holes of the aluminum plates. It is recognized that the actual 
effective area for heat transfer must also include a portion of the 
face surfaces of each plate, the amount being strongly influenced 
by the value of the gasket thickness employed, especially when 
that value approaches the thickness of the plate. 

The Reynolds numbers have been based on the hole diameters. 
In other words, the effect of gasket thickness on heat transfer 
has been treated as in the nature of a controlled nonconducting 
artificial roughness or interruption on the surface of otherwise 
smooth small metal tubing. 

Over-all heat-transfer coefficients have been calculated from 
averaged values of warm- and cool-side heat-transfer rates by 
means of mass flow rates and air temperatures, as follows 


dave 
a 
(Ai)( AT yn) 


Utilizing the fact that the temperature difference between the 
fin roots of the warm and cool channels was small, it was possible 
to calculate the values of the effective heat-transfer coefficient 
(nhi) by means of the following expression 


and cheek them against the equivalent equation 


2(avg 

qh) = SP ee 

Ai( Mls er AT.) 

The average of the foregoing values of (nh) was solved simul- 

taneously with the definition of fin-effectiveness (2) by trial and 
error, to give values of 7 and hy, as follows 


hi Aiby 
AT, _ tanh kwAy 
ATo yn 
RA ry 
Values of h; are presented versus Nre, for the Group III runs 
in Fig. 4, from which can be seen their advantage in comparison 
to the smooth tube coefficients. 


Utilizing the foregoing values of h;, heat-transfer factors were 
calculated from the following 


7 = 


thereby providing a function of hk; which is only slightly in- 
fluenced by the mass velocity. Values of j are presented versus 
Nre in Fig. 5a, b, and c. 
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TABLE 2 (A) SUMMARIZED DATA AND CALCULATIONS 
GROUP I RUNS 
D = 1/i2 an. b = 1/16an., be-=2/8 in. 

DATA Lee] 2013 an. Lg = .022 in. Lg = .046 in. 
SCFM 6.05 10.16 14.65 19.16 23.95 28.34 6.23 10.23 15.21 19.82 24.92 29.03 6.24 10.27 15.25 19:94 25.05 29.51 
Z\Pave 1b/sq.in. NORE MGLOD NCe(O2 URHLOME .O88 | RCUOMUNLOGORCZOSl= 30) .7O6mr 1601 “1.28 50702" 6220) 27) 6613 5 Dal el ehOn 
T-1 °F, Room OC O.Oke TO SOME (79. OMNES TAM ROD CoMmOTicoe UOu62) 65.500. Obs5. M63 Bme 16heO) OSsG) © Oye 63.0) (6352 mm oye 
1-2. °F, 234.0' 238.7 241.3 243.3 243.3 242.0 191.3 192.3 194.2 193.8 193.2 191.8 201.0 201.7 202.0 201.7 200.3° 199.5 
T=3) ooh DORR TMa BRO ATOR Ol eT ise OMSu CU Mi IeLaONnelde Ol 21540 e2115.0) 21) 5 27. ein elon 220..08 220.0) 220, 0m2L0e7, 
T-4 °F. DOING OTRAS OSeON LOS. Su0S.70 TOS Sm 78.65 S268 Sl.28 83h 5 Syed 8362 7655) 78.8) (7955) 78.9 SOs eles 
G 1b/(hx) (sq. tt) 3353 5640 8124 10608 13284 15708 3483 5663 8410 10985 13825 16078 3414 5688 8436 11028 13884 16446 
NRe 469 788 1136 1483 1857 2196 509 833 1234 1605 2030 2258 509 839  12h0 1625 2041 2405 
Plb./cu.ft. .065 .068 .072 .078 .085 .093 «068 .071 .075 .081 .088 .09%% # .068 .071 .076 .082 088 .096 
fh/2 <O4Z) 1-083 3025) 6 0026" 2025) 026 -OL0 .028 .039 .039 ..039 .039 .034 .040 .038 .046 .045 047 
a B.t.u./hr. 1102. «1897 «2779S: 367h «24598 = 540l = <928-~=Ss1509 = 2306S 2958 )=— 3678 = 43320i998——idH 2HLZ = 3206 3986 = 4640 
AGI eels 25.62 31.08 31.61 31.77 31.77 33.11 16.83 18.61 16.68 19.61 19.84 21.06 14.47 16.73 16.71 17.08 18.43 18.86 
U B.t.u./(ho, Catan Gs6Ou 13.91 185308 22093, 25n82u (e.9ie 1G.dy 20.02 2in6 30.505 392320 N1.1s) W597 23670) 3Q543) (5.0500 39.87 
Soe et. Seen Glo Ueely 1.600812.00) 2.35 ey GP ale Ey ns ali, als} oAbh +734 1.09 1.43 1.78 2.07 
hy Betau./(nr.)(sqe20lbb5 21.10 31.44 43.27 56.88 66.09 19.34 29.61 48.04 61.60 79.72 91.62 24.80 37.10 59.17 81.52 98.43 118.02 
3 aly 20142 0124 .0128 .0135 .0141 .0139 .0184 .0172 .0188 .0185 .0190 .0188  .0236 .0215 .0231 .0244 .0234 .0237 
V ft. /min. 692-1162) 1676-2192 27H AKA 713, MATL 72-2270 28553321 71h N75 17h 2281 2865 3376 
S/fL PBSOMNsTG 502i 6523) .55On 2528 -518 459 488 .480 .488 .482 SOO GIR SO EO EM El 
y 96 9k, 92 89 -86 oh i985 92 -88 = 85 .82 80 93 -90 86 81 7 O 

TABLE 2(A) (Continued) 
GROUP I RUNS (cont.) 
Di selene eon =e l/16 Ane, Dew= L/S an. 
DATA Lg = .069 in. Lg = .082 in. Lg = .102 in. 
SCFM 6.29 10.38 15.46 20.07 25.22 29.77 6.23 10.26 15.24 19.76 24.63 29.0) 6.30 10.43 15.54 20.1, 25.30 29.51 
fave 1b./sq.in. O9508 S05) .660) M0650 1.66) 2.17 MOONEE BOSe 27820 LellS | 1.7O0N une .20 um l22ue COM a .O3)n nll SOlnn2ee ium .c0 
T-l °F. 61.5 61.0 60.2 60.8 61.8 60.1 66:0 65.5 65.3 65.7 67.0 66.0 61.8 60.5 60.2 61.5 60.8 6150 
T-2 w= 201.7 203.3 203.0 202.7 201.3 200.0 205.3 208.0 207.3 205.3 203.3 198.7 207.5 209.0 209.5 208.5 207.0 205.0 
7-3 °F. Dise3e 21663) 218.7 else7 2leapel7e7 225.7) 227.7 227.9 227.0) 227.3) 226.5 22450) 9226.0) 22650! (226.0)) 225.5 22560 
T-4 °F. Wiles) “GAR Wa WG TIE WB WcS ERE SSE EBERT Gee ESS EE) en ORE WEN Yfke 7k) 
G Ip. /(hr.) (sq.ft) 348, 5736 8580 11136 13968 16512 3450 5688 8448 10944 13764 16104 3494 5760 8622 11178 1,022 16344 
on 513. 847_—s—«id26}Sd1638 = 2057S 2430 506 2S 835 s«1243 «= «1608 §= 2023 2368 «= 51K HL 1267 «= 1640) 2062) 2403 
C 1lb./cu.tt. sos) fOr SOS = OA ene BSS 2068 .072 .076 .083 .090 .099 .068 .072 .078 .085 .093 101 
fij2 7046 6056 = 6058 = 6059 «064. 065 .052 .069 .O071 .069 .068 .070 .056 .U85 .092 1.104 .094 .090 
q B.t.u./nr. HOZO TOL 92559) 93263 4087 5623 OBOM 201 «2530. 32205 SS97A 49s 1090 1827 2720 3472 4323 4986 
DS = A 11.73 13.67 14.50 15.12 15.79 16.58 15.73 16,09 17.11 19.69 20.96 22.35 11.08 12.88 13.26 14.28 16,02 16.81 
U B.t.u./(hr.)(sqe 14-18 21.10 28.60 35.70 41.97 4726 14.76 24.04 33.36 36.76 42.61 46.19 15.95 22.98 33.25 39.40 43.76 48.08 
Aetiep) Gobi) 
Aly -r/et. Hee 758 lhe 148 1682 2.15 OSS eOGN i560 1.99). 2045. eeS3 SHS UK aes AI aie 2475) 
Ay Baas oreo 32.30 51.29 75.01 101.36 128.10 152.28 33.68 60.01 92.14 105.60 130.15 147.86 36.82 56.95 92.00 115.93 134.82 157.19 
5 60306 .0295 .0288 .0300 .0302 .0304  .0322 .0348 .0360 .0318 .0312 .0302 G48 0326 .0352 .0342 .0318 .0317 
V ft./min. plgn lies. —sr769) 2296 2885 3405-0 712) 0173 A7k3 2260 28)0 3322 721 1193 «A778 2303 2894 3376 
j/fL 6681 526 «A497 508) wK72 e470 632.806 508 = K65 603K 0 619 388 3B 328 BLK 4353 
4 91 .87 83 78 Th 71 «Jl .86 COM did, hah .90 86 80 .76 7h 70 
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TABLE 2(B) (Continued) 
GROUP II RUNS 


D =1/12 in., L = 1/8 in., be = 1/8 in. 
De a a ee 
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Lg =.022 in. Lg = .047 in. Lg = .070 in. 
6.26 10.33 1542 20.11 25.40 29.36 6.26 10.31 15.36 19.93 25.02 29.09 6.22 10.25 15.06 19.72 24.89 28.75 
WO 53876795: Led 19H! QGS- 6120. 42-872) -.98 LS ecko RE2s ae Fekt A808) aT iL eneehee ae -O= 
6203) 2617) 162.17 62.8 64.0 63.5 62650 62,28 502.00 O2. 63.0 62.2 67.2 67.0 69.0 68.0 70.0 70.7 
206.7 208.0 207-7 208.7 207.7 207.0 20765 208.5 208.5 207.0 206.0 203.0 214.3 216.0 216.0 214.3 212.7 211.7 
223.0 22.3 225.0 225.0 224.7 224.5 227.0 229.5 230.0 230.0 230.0 229.5 235.0 236.3 238.0 237.3 237.0 236.3 
70.5 Te? 727 BB TheS TheS The2 76:0 77.0 790 80:5 79.5 7763 79:5 62.2 82.8 85.7 8727 
3472 5708 8556 11160 1,06, 16272 3468 5724 8514 11052 13878 16110 3445 5688 8352 10932 13836 15912 
511 841 1259 1640 2071 2395 511 841 1253 L625 2042 * 2373 508 836 1229 1608 2037 2343 
.068 .072 .077 083. .092 .098 .068 .072 077 .08% .092. .100 .068 .O71 .077 .084 .093 .100 
303) 2036.) -036, 0380) .0S8ue 10370. O56r 077! 079 (081.079.080.078 0099.02.05 «.100-—-.100 
1068 1775 2635 3439 4289 4948 1O725 1977) “26KLN “338055 4207. 4861 1089" TE0O0R 26205 310" FE21O Mee S3) 
2678) J2.92, 13.33) 13.20) 13249) 463 15.30 17.11 18.0, 19556 20.60 21.54 14377 16.13 17.04 18.62 19.67 20.79 
PD slash USO Ae) sci MBI, alatGss) 16.8) 2357) 28705933 .10" S659" =1L593" UWE TON 245955329270 34-78 37.31 
0237 2390 2580 ator 9h, 1.09 478 e19L, IedlBy SOME a. S76 eli, 0486 «80h. 1sl7. W.52 ssse Zak 
15.75 2he68 37615 5148 65.82 74.03 25.20 39.20 59.02 73.14 90.91 104.77 26.60 42.76 62.97 78.80 97.57 107.38 
20150 =.0143 +.0143 «2.0152 «2.0154 = .0150 20240 .0226 .0228 .0218 .0216 .0214 00255 + .0248 .0248 .0238 .0233 .0223 
716 si, «6-764 2300" «©2905 3358 716 AV80" 1757 2279" 2862) 3327 7u 1172) «1723 «2256 §=62947 3S 3286 
sina HOW 405s .4O9e= -yigue hie B17: 296° 292° .272°* 4277 - 27 63267 256" “6 2h9” 2250 962398 een 
950m as 9305901 CTI Chee 83 69Btme<90"* 686 83m 6 COR Bera78 AB ye “tes cee Moe TR) lilt] 
TABLE (2B) (Continued) 
GROUP II RUNS (cont.) 
D =1/12 in., L = 1/8 in., by = 1/8 in, 
DATA Lg = .078 in. Lg = .093 in, 

SCFM 6.1, 10.10 15.10 19.47 24.41 28.95 6.16 10.14 15.02 19.40 24.34 28.68 

[SSS Ee ty NO) di) “Gy EA GU PA SEE A) QE LL 
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T-4 °F. 5.6) 60s30090,8) 93.0) 9552) “97528 165) | 67. 2mNGOLOM Obi cm OT RS ENELOISO 
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P rv. /cu.ft. .066 .070 .074 .080 .088 .096 .064 .067 073 .078 .085  .094 

fL/2 3083 ped00In 0925-092) 5092 5092) .072' 5090) 908912090) me Ose mms 090 

q Beteu./nr. 1138 «61889 «2774 «= 33514 43124982459) DKK «== 4BO ©5523. 6356 

SCE TES 17.84 20.16 21.43 23.32 24.49 26.15 23.21 24.68 27.06 29.54 32.04 33.24 

U Pe ee D239 bong 2508029227) 34019) 37.03) 12.21 16,99 me saGQue Sena GENSImS 71> 

— *F/ft. 0605 “DeOl 1.48 1.88 2.30 2566 778) -1,28° 1,895 2.59 2.95) 3.39 

hy Harare Race 27268 42.97 63-443 77254 95443 106.55 27.16 45.22 64.52 78.06 92.69 107.33 

a ~O20Simecens: 20250 30287) (0233) 70219) 00262 .0264 .0255 .0240 .0226 .0222 

Vv ft. /min, 703 «1156 «1727: 2226 «2793, 3312 705-1160 1717s: 2219s 2784 = 3.281 

ue 03072540273 261-256 2h 372 2942892684263 KB 
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The effects of friction losses were calculated from net pressure 
drops averaged across the warm and cool channels, by means of 
the Fanning equation for turbulent flow, as follows 


_ (72) (& Pave) (6) (ge) (D) 
(Nz) (L) (Gnax)® 


Si 


Values of f,/2 are presented versus L, in Fig. 6. 

The final results of the heat-transmission and frictional-resist- 
ance calculations are presented in terms of the pressure drop effi- 
ciency factor j/(f,/2) versus Nre in Fig. 7. 


Discussion OF RESULTS 


Heat Transfer: From theoretical considerations it can be postu- 
lated that the transfer of heat from a stream of gas to the metal 
of a perforated plate through which it is flowing, should be viewed 
as the resultant of two simultaneous actions. If, for a given mass 
flow rate, attention is focused on the events transpiring along the 
length of a single series of matched holes in a channel of an ex- 
changer section, one plate and gasket of which are shown schemati- 
cally in Fig. 2, certain predictions can be made concerning the 
probable variation in the heat-transfer process as the gasket 
thickness is changed. For a zero gasket thickness and a stipu- 
lated 100 per cent fin efficiency, the amount of heat transferred 
will be small and essentially identical to that for a smooth tube of 
the same diameter. As the gasket thickness is increased and as- 
sumes small finite values, the heat-transfer coefficient, hi, based 
on the area A, inside of the holes, will rise rapidly because of the 
interruption and periodic destruction of the laminar-flow bound- 
ary layer near the tube walls and the resultant turbulence. As 
gasket thickness is increased somewhat beyond a moderate frac- 
tion of plate thickness, no further improvement in h; occurs, pre- 
sumably because turbulence already is fully developed. This 
primary effect is shown clearly in the lower portions of the two 
curves of /; versus L, in Fig. 8, where the cases of Nre = 1000 and 
2000 for the Group I runs are presented. But as the spacing is 
further increased, portions of the total surface, A», on the faces of 
the plates become available for heat transfer, approaching a 
maximum of availability when the gasket thickness approximates 
a small multiple of the width of face area per hole, (6,/2) — D, asin- 
dicated by the upper portions of the curves of Fig. 8. Thus the 
actual conditions of heat transfer might perhaps be more realisti- 
cally represented in the following manner 


Unfortunately, sufficient data were not available from this in- 
vestigation to do more intergroup correlation than to indicate the 
general agreement between the results of the Groups I and III 
runs and the predicted curve shapes. It was not felt advisable to 
attempt a comparison of the Group II results with those of the 
other runs, because of the uncertain nature of the surfaces of the 
hole interiors and the probability that they were not reproduci- 
ble. 

It should be emphasized that the average values of hi, some of 
which are presented in Fig. 4, are based on only the surface area 
inside the holes, and are somewhat higher than the true local fin 
coefficients. However, even if one allowed for a liberal correction 
factor of 50 per cent, the point values would still be considerably 
higher than those estimated for smooth tubes at the same fluid- 
flow rates. Probably it would have been more realistic to base 
the heat-transfer coefficients on an average value of surface, such 
as A; + (A2/2). However, the present values will serve for de- 
sign calculation purposes. When more data become available, it 
should be possible to determine with accuracy the point values of 
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h or, better still, to effect an exact correlation of average h,’s with 
exchanger dimensions. : 

Save for the case of the lowest values of Reynolds number in the 
Group I runs, which may indicate a transition region, the varia- 
tion of h; with Nre, was found to be asimple power function, as 
follows 
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Fic. 8 Heat-TRANSFER COEFFICIENT M1, AT Constant Mass Ftow 
Rate Versus GASKET THICKNESS 


Tn the range of Nre covered here, the value of m varied with in- 
creasing gasket thickness from approximately 1.14 to 0.88. Since 
normal turbulent-flow heat exchange inside tubes varies as the 
0.8 power of Vre, it seems apparent that even at the lowest values 
of Nre encountered here, normally considered to be in the region 
of streamline flow or transition, turbulent conditions prevailed. 
This was also borne out by the friction results. The fact that hi 
varied to lower powers of NRre as gasket thickness increased may 
be attributable to a change in the nature of the turbulence. At 
low values of L,, but greater than a certain minimum, the con- 
stant boundary-layer interruption would not permit normal 
smooth-tube turbulence. However, conceivably, normal turbu- 
lence can exist if gasket thickness is great enough. 

The dependence of the heat-transfer factor 7, on Nre is shown 
to be slight in Fig. 5(a, b, andc). The fact that the slopes of these 
curves vary from positive to negative as gasket thickness is varied 
is unusual, but depends on the variation of the exponent n just 
noted. 

The values of fin effectiveness, y, presented in Table 2, are gen- 
erally high, varying between 0.70 and 0.96. From Equation [4] 
it is seen that any variable which can influence the value of 
(h1A1), such as mass flow rate or plate and gasket dimensions, will 
change n. The greatest control was exerted by the mass flow rate 
in these experiments. 

Flow Resistance: Plate thickness was chosen as the unit of 
length for friction factors. It is interesting to note that in com- 
paring values of f;,/2 versus NRe, in Table 2, save for the runs at 
lowest flow rates where pressure-drop data were of uncertain pre- 
cision, the friction factors are essentially independent of the mass 
flow rate, but a strong function of the gasket thickness. This 
relationship is shown in Fig. 6. The curve for the Group I runs 
can be seen to possess a shape similar to that for the h,-versus-L, 
curves in Fig. 8. The somewhat erratic nature of the results ob- 
tained by use of doubled !/is-in. plates in the Group IT runs is 
evident from the shape of the f,/2 versus L, plot. For this 
reason, straight lines were used between points. 
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9 ‘A Study of the Data on the Flow of Fluids in Pipes,’’ by E. 
Kemler, Trans. ASME, vol. 55, paper no. HY D-55-2, 1933. 

10 ‘Heat Transmission,” by W. H. McAdams, McGraw-Hill] 
Book Co., Inc., New York, N. Y., second edition, 1942, pp. 170-171. 


That the friction factor should be greatly influenced by the 
gasket thickness is obvious if one thinks in terms of tubes with 
controlled roughness, as mentioned earlier. Indeed, in smooth 
tubing several inches in diameter, the resistance to a moderately 
turbulent air-flow rate is raised severalfold by the presence on the 
pipe wall of a band of paper tape a few thousandths of an inch in 
thickness (8). This phenomenon bears out the laminar-boundary- 
layer interruption theory and forms the basis of our proposed 
explanation for the h; versus Nre results of this investigation. 
There is some evidence from previous work with artificially 
roughened pipes (9) to indicate the independence of friction factor 
from Reynolds number in the range covered by this work. At 
least one author presents values of f,/2 in excess of 0.10. While 
these previous artificial roughnesses did not begin to approach 
that of the plate exchangers, the agreement in principle is satis- 
factory. 5 

In general, then, the results of this series of experiments have 
indicated that for plate exchangers, friction losses rise with mass 
flow rate, hole diameter, plate thickness, and gasket thickness. 

The plate-exchanger friction when compared to the average 
Collins tube value (4), shown in Fig. 6, or to the correlations for 
the various fin constructions of Norris and Spofford (2), is seen 
to be more satisfactory than the former and to compare somewhat 
less favorably, even for the optimum plate design of this work, 
with the most efficient fin systems presented by the latter. 

Efficiency Factor: Following the device used by Norris and 
Spofford, a ‘‘pressure-drop efficiency factor,’’7/(f,/2), is plotted 
versus Reynolds number. According to Reynolds analogy this 
factor is unity for forced convection over a single infinite plane 
and is less than unity for all other surface types. It is to be noted 
that the values for the perforated-plate exchangers compare 
favorably with those for most other forms of extended surface. 

It is to be observed that the pressure-drop efficiency factor 
varies somewhat with Reynolds number, as would be expected 
from the similar variation of the heat-transfer factors. 

These pressure-drop efficiency factors, regardless of the basis of 
NRe, can be compared approximately with those for the Collins 
tube and for the single-plane and the finned surfaces presented by 
Norris and Spofford. In the case of the best values for the plate 
exchanger, i.e., Group I runs, the efficiencies are somewhat higher 
than for the Collins tube and more than 80 per cent those of most 
of the extended-surface designs. They are better than pin fins 
by about 20 per cent, averaging about 50 per cent of the value for 
smooth single planes and tubes. 

Thus the highest efficiency factors for these plate exchangers 
were obtained with the smaller hole diameter, the thinner plate, 
and the smallest gasket thickness. 


CONCLUSIONS 


From this investigation of three basically similar designs of alu- 
minum perforated-plate exchangers, the following specific con- 
clusions are indicated: 


1 In the range of flow rates, 800 <Nre<4800, the average- 
heat-transfer coefficient, based on the area inside of the holes, is a 
simple power function of Nre, exponent variations with increasing 
gasket thickness of from 1.14 to 0.88 having been observed. The 
highest value of these film coefficients was 237 Btu/(hr) (sq ft) 
(deg F), obtained in the Group III runs. 

2 Heat-transfer and flow-resistance phenomena can be ex- 
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plained on the basis of a two-function theory. The gasket thick- 
ness is considered to cause turbulence by the interruption of the 
laminar-flow layers at the walls of the tube portions, as well as by 
making available heat-transfer area on the faces of the plates. 

3 The influence on fluid friction and heat transfer of increas- 
ing hole diameter is to increase them. The influence of increasing 
plate thickness is to increase fluid friction and to decrease heat 
transfer somewhat. (This comment is subject to the limitation 
mentioned previously concerning reproducibility of the Group I 
plate design.) 

4 In the range of flow rates studied, for a given gasket thick- 
ness, the fluid friction factor is independent of the mass velocity. 

5 Pressure-drop efficiency factors for these exchangers are 
substantially independent of mass flow rate, the absolute values 
varying from a low of 0.22 in the case of the Group II runs to a 
high of 0.53 in the Group I runs. In general, the influence of an 
increasing gasket thickness was, first, to increase and then to de- 
crease this efficiency factor. Increase of hole diameter or plate 
thickness lowered the value of the factor. It is apparent that the 
type of turbulence produced by the frequently interrupted flow 
passages is quite efficient as a promoter of high heat transfer with 
only a moderate amount of fluid friction, 

6 While much remains to be learned concerning the properties 
of perforated-plate exchangers, and the problem of gasket eco- 
nomics also requires additional attention, it can be stated that 
this type of unit possesses very attractive operational characteris- 
tics for large-scale gas-to-gas heat exchange. At the present time 
full-scale commercial units are being constructed in connection 
with a special assignment in the field of liquid-oxygen production. 
It is planned to publish information regarding cost analysis and 
plant performance in the near future. 
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[AurHors’ Note: Following presentation of this paper, a ques- 
tion was raised concerning the observed small differences between 
the temperature changes of the fluid in adjacent channels. The 
temperature drops in the warm channels were consistently greater 
than the rises in the cool channels. Calculation showed this to 
be attributable to heat leak to the surroundings. Thus, for 
practical purposes, it was possible to eliminate the effect by using 
temperature changes averaged, between channels. | 
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Effect of Size on the Design and Performance 
of Internal-Combustion Engines 


By C. F. TAYLOR,! CAMBRIDGE, MASS. 


The importance of the problem is outlined and size 
effects isolated from other effects. Three similar engines 
were tested at the Sloan Laboratories at M.I.T. Mechan- 
ical stresses, volumetric efficiency, heat losses, and wall 
temperatures are explained as a function of cylinder size. 
The effects of cylinder size on combustion and fuel re- 
quirements are pointed out. 


INTRODUCTION 


BASIC problem in the production of power, and indeed in 
many other fields of machine technology, is involved in 
the question of unit size. At an early stage in the 

planning of any engineering enterprise the following question 
should be asked: ‘To accomplish the required work, is it better 
to use few units of relatively large size, or a larger number of 
smaller units?”’ On the success in arriving at the correct answer 
to this question may well depend the success or failure of the 
whole enterprise. 

In a broad sense, the discussion which follows can be taken to 
apply to most types of machinery dealt with by the mechanical 
engineer. However, since it is the author’s chosen field, and 
since it is an excellent example of the problems involved, from 
this point on the discussion will be confined to the reciprocating 
internal-combustion engine. It would be disappointing, how- 
ever, if the broader implications were entirely forgotten, especi- 
ally as they apply to other types of power-producing machinery 
such as turbines, generators, etc. 


RECIPROCATING INTERNAL-COMBUSTION ENGINES 


Similar Engines. In order to study properly the question of 
unit size, it is necessary to eliminate differences in shape and 
differences in structural material. This process Jeads to the 
following definition of ‘‘similar engines.” Similar engines are 
engines of different size in which each linear dimension describ- 
ing the design has the same ratio to a basic linear dimension, 1, 
which may be conveniently taken as the cylinder bore. In 
addition, corresponding parts in such engines must be constructed 
from the same material. The geometry ofa series of such engines 
can be described by the following notation 


CR BRB ii Ps R,) 


where R stands for the ratio of the length of a certain part to the 
length of the basic dimension, and enough R’s are included to 
describe the design completely. Any engine in the series is then 
completely specified by the R series, by a list of materials used 
in the various parts, and by the magnitude of the dimension J. 

Similar Cylinders. In so far as the cylinders of a reciprocating 
engine are independent of each other, they can be considered 
as separate similar machines. Excluding the influence of other 
cylinders through the crankshaft, crankcase, and manifolding, 


1 Professor, Massachusetts Institute of Technology. 

Contributed by the Oil and Gas Power Division and presented at the 
Annual Meeting, New York, N. Y., November 27—December 2, 1949, 
of Toe AMERICAN SocipTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Paper No. 49—A-116. 


this discussion can be applied with equal force to the question of 
whether or not an engine should have few large or many small 
cylinders to furnish the required power. 

Weight of Similar Engines. There are certain characteristics 
of a series of similar engines which can be predicted from mathe- 
matical considerations alone. For example, it is obvious that 
weights will be proportional to J? and areas to /?. Less obvious, 
perhaps, are certain important stress relations in such a series. 

Stresses in Similar Engines. If it be assumed that the output 
end of each crankshaft turns with a constant angular velocity, Q, 
and that deflections are negligible, it is easy to show that all 
“inertia” stresses, that is, stresses due to the mass and motion 
of the parts, will be the same at corresponding points in all engines 
when the values of (/Q) and the crank angle, 6, are the same. 

In most practical cases, however, there are cyclic variations in 
angular velocity, and deflections under load, which cannot be 
ignored from a stress point of view. The deflections set up vibra- 
tory stresses which may be exceedingly important. In order to 
deal with vibratory stresses it is necessary to assume equal damp- 
ing due to friction at the rubbing surfaces and to assume that the 
apparatus driven by the output shaft is similar in the same sense as 
the engines, or else that the engines are dynamically isolated from 
the driven apparatus. Under these circumstances, if the pressure 
cycles in all the engines are the same, the variation of angular 
velocity with crank angle will again be the same when the values 
of (J2) at a given point in the cycle are equal. Appendix 1 indi- 
cates how this relation may be proved. 

If the cycles of cylinder pressure versus crank angle are all the 
same, it is obvious that the stresses directly attributable to gas 
pressure will be the same at the same crank angle. The question 
of the circumstances under which pressure cycles will be the same 
is discussed in a later section. 

Since the product (/Q), together with the necessary design 
ratios and the angle 6, describe the linear velocity of a given 
point in any one of the engines, it can be said that, under the 
limitations just stated, the stress-versus-crank-angle cycle caused 
by gas pressure and by inertia forces will be the same in each en- 
gine of the series if the linear velocities of corresponding parts are 
the same. The implications of this statement for turbines, elec- 
trical machinery, etc., are obvious. In reciprocating engines, a 
convenient measure of linear velocity is the “mean piston speed.” 

It should be noted that the similitude in stress pattern at a 
given value of (10) includes stresses due to vibration in any mode 
of the system. This conclusion follows not only from considera- 
tions of dimensional analysis, but because in similar structures 
natural frequencies of vibration are inversely proportional to the 
characteristic linear dimension. Thus, at a given value of (/Q) 
the ratio of forcing frequencies to natura] frequencies will be the 
same in each engine of the series, provided the gas-pressure cycles 
and the damping are the same and the connected equipment is 
isolated or is dynamically similar. 

Such conditions would be fulfilled by a series of engines con- 
nected to a series of similar generators or propellers. These con- 
ditions will also be present in the case of motor vehicles, where the 
driven system is virtually isolated from the engine, dynamically, 
on account of the great torsional flexibility of the shafting be- 
tween engine and wheels. 
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Although stresses due to the force of gravity are seldom of much 
importance in reciprocating engines, it is interesting to note that 
in a series of similar engines these stresses increase in proportion 
to the Jinear dimension. A proof of this statement is given in 
Appendix 1. The practical conclusion to be drawn from this rela- 
tion is that gravitational stresses will become important if unit 
size is made sufficiently large. Evidence of this trend is indicated 
by the fact that in studying the balance and vibration of very 
large engines, gravitational forces are usually considered. 

The remaining type of stress to be considered is that due to 
temperature differences. In structures of similar geometry made 
of the same materials, it can be shown that such stresses will 
not be the same unless temperatures at corresponding points 
are the same. This question is more fully discussed in a subse- 
quent section. 

A point to be noted in connection with stress considerations is 
that, in the absence of resonance effects, stresses due to inertia in- 
crease with the square of the Jinear velocity. It may be predicted, 
therefore, that inertia stresses are likely to constitute a most im- 
portant limitation on linear velocities. A corresponding limita- 
tion is even more obvious in the case of turbines. 

M.J.T. Similar Engines. The foregoing relations are capable of 
mathematical proof which leaves little doubt of their general 
validity. When it comes to the more complicated questions of 
fluid flow, heat flow, combustion, etc., theory does not give the 
complete answer. 
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In order to afford opportunity for experiment in this highly im- 
portant field, there have been constructed at the Sloan Labora- 
tories of the Massachusetts Institute of Technology, three single- 
cylinder engines which fulfill with considerable exactness the 
definition of similitude on which the foregoing discussion is 
based. Fig. 1 is a cross section of these engines. One drawing 
serves for all three, with only a change in scale. The bores are 
21/., 4, and 6 in., respectively, and the strokes are 3, 4.8, and 7.2 
All details are in proportion, including bearing clearances, 
As installed for test, inlet 


in. 
wall thicknesses, and screw threads. 
and exhaust systems are similar. 

At present these engines are arranged for four-stroke spark- 
ignition operation using a premixed gaseous charge. Later they 
can be converted to Diesel operation, or, with new cylinders, to 
operate on the two-stroke cycle. 

Similar Operating Conditions. For internal-combustion engines 
the important independent operating variables include inlet-air 
pressure and temperature, exhaust pressure, fuel-air ratio and 
coolant-supply temperature. These variables are controlled 
primarily by factors other than size, and they will be considered to 
be held the same for all engines in a similar series, unless other- 
wise noted. Also, the ignition or injection timing will be taken 
as optimum in each case. Test results presented for the M.I.T. 
similar engines have been made under these circumstances. The 
remaining important independent variable, rotational speed, is 
limited by size considerations as already indicated. 
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Air Flow in Similar Engines. One interesting relation here is 
quite obvious. Since the speed of sound is the limiting gas 
velocity at the smallest cross section of a flow system, when pres- 
sures and temperatures on the upstream side of this section are the 
same (and shapes are the same), maximum mass flow will be pro- 
portional to the square of the typical dimension. We are used to 
this relation in turbines, where critical flow through the nozzles is 
customarily considered. In the case of reciprocating engines the 
inlet-valve opening is usually the smallest cross section. It is 
thus easy to see that, under similar operating conditions, the 
maximum mass rate of air flow, and hence the maximum possible 
power output, is proportional to an area rather than a volume. 
For flows less than critical, the foregoing considerations suggest 
that a Mach index, that is, an index defining the relation of flow 
velocity to sound velocity, will be of great importance. 

In dealing with questions of mass flow of air in reciprocating en- 
gines, it is convenient to use the parameter called “volumetric 
efficiency,’’ which will be defined here as the ratio of the actual 
mass flow to a mass flow equal to the displaced volume multiplied 
by the air density in the inlet manifold of the engine. 

Appendix 2 shows that, for a series of similar engines operating 
under similar conditions, volumetric efficiency is a function of the 
two nondimensional parameters 


s/c and slo/gou 


where s is mean piston speed, c is speed of sound in air at inlet con- 
ditions, p is inlet-air density, » is viscosity of air at inlet conditions, 
lis the typical dimension, and gp is the coefficient relating force 
and mass. 

It will be noted that the first fraction in the series is in the 
nature of a Mach index and the second has the characteristics of a 
Reynolds index. The same system of parameters applies to a 
gas turbine by substituting rotor tip velocity for mean piston 
speed. 

Volumetric Efficiency Versus Mach Index. It might be inferred 
that, in reciprocating engines, variations in viscous forces and in 
heat-transfer coefficients, which depend on the Reynolds number, 
will be of considerably less importance in this particular case than 
the forces due to inertia of the gas, which are dependent upon the 
Mach number. If this be the case, the curve of volumetric 
efficiency versus Mach index should be the same for similar en- 
gines under similar operating conditions. Fig. 2, constructed from 
tests on the M.I.T. similar engines, shows this assumption to be 
valid within the size range employed and within the accuracy of 
the measurements.? 

There is evidently no discernible trend on the basis of cylinder 
size, which would not be the case if the Reynolds index had an im- 
portant influence on volumetric efficiency.’ 

The foregoing statement is not intended to imply that heat 
transfer is an unimportant factor in connection with volumetric 
efficiency, or in other aspects of engine performance. Asa matter 
of fact, heat transfer to the inlet gases accounts for a considerable 
portion of the difference between the actual and ideal volumetric 
efficiencies of most engines. What appears to be unimportant, 
from the M.I.T. tests, is the effect of size on the part which heat 
transfer plays in determining volumetric efficiency. 

Another important item to be noted is that the volumetric 


2 Since inlet temperature was the same, the value of the speed of 
sound c was the same for all engines, and volumetric efficiency has 
been plotted against s rather than against s/c. 

3 Only a limited amount of testing has been completed as yet with 
the M.I.T. engines. The accuracy of measurement and reproduci- 
bility of results are, therefore, not yet as good as is hoped for later. 

4“Rise in Temperature of the Charge as It Passes Through the 
Inlet Valve. ..,’’ by J. E. Forbes and E. S. Taylor, Technical Note 
No. 839, National Advisory Committee for Aeronautics, January, 
1942. 


Volumetric Efficiency, ey 


UT 
ET ae 
EL 


1500 
Piston Speed, tt/min. 


Rangse of rpm 
Piston Speed 
Peasy 220 | 260 | 
O Small 960 | 1920 
Medium 600 | 1200 
800 


2040 


2400 
1500 
1000 


4080 
2550 


° 
4 Large 400 1700 


Fic. 2. Vouumerric Errictency Versus Piston Speep or M.I.T. 


GEOMETRICALLY SIMILAR ENGINES 


(r = 5.74; F = 0.073; optimum spark advance; pi = 28 in. Hg, pe ~ 32 in. 
Hg absolute; 7; = 150 F.) 


efficiency versus piston-speed relation will not be the same for 
similar engines unless the connected inlet and exhaust systems 
are similar. Without such similitude, pressure-wave patterns in 
the inlet and exhaust piping will not be the same at the same 
piston speed. 

A third point to be noted is that the foregoing discussion applies 
to supercharged engines, provided the superchargers and their 
connections are similar. This conclusion follows, because the 
theory has placed no limitations on design detail. 

Since it has been common practice to regard “rpm” as an im- 
portant parameter of engine performance, the curve in Fig. 2 has 
been plotted versus rpm in Fig. 3. Obviously, rpm is a poor index 
where cylinder size is not the same. 

Heat Losses. The coefficient of heat transfer between a fluid 
and a solid surface depends on geometry, and on the local 
Reynolds number and Prandtl number. Assuming the same 
fluids and gases in our system of similar engines, the Prandtl num- 
bers will be the same. Assuming internal Reynolds numbers to be 
a function of the Reynolds index, slp/gou, with the same inlet con- 
ditions and at the same piston speed, heat-transfer coefficients will 
evidently vary with size. Dimensional analysis, together with 
existing knowledge of less complicated heat-transfer systems in- 
dicates that, under the conditions specified: 


1 Heat-transfer coefficients grow less as cylinder size in- 
creases, because of the increasing local Reynolds numbers both 
inside the cylinder and in the cooling system. 

2 In spite of the decreasing coefficients, mentioned in (1), 
temperature differences across the cylinder walls, piston, valves, 
etc., increase with increasing size, due to the longer heat-flow 
paths. 

3 Heat loss per unit wall area decreases with increasing size. 


Fig. 4, taken from the M.I.T. similar engines under similar 
operating conditions, confirms the second statement. These tem- 
peratures were taken by means of thermocouples embedded at 
corresponding points in the cylinder heads, close to the inner 
surface of the wall. 


§ ‘Heat Transmission,” by W. H. McAdams, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1942. 
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The implications of the second conclusion are highly important. 
It follows that, for similar engines run under similar operating 
conditions and at the same piston speed, stresses due to tempera- 
ture differences will increase with cylinder size. In practice, this 
results in departures from similitude in the direction of more 
effective cooling as cylinder size increases. Oil or water circula- 
tion within the pistons and exhaust valves of large cylinders is an 
example. 

Indicated Mean Pressure. At the same volumetric efficiency 
and fuel-air ratio, indicated mean effective pressure will be the 
same, provided thermal] efficiency is the same. This statement is 
simply a matter of accepted definitions. 

At the same piston speed and fuel-air ratio, therefore, indi- 
cated mean pressure will be proportional to thermal efficiency. 
Due to the smaller heat losses of the larger cylinder one would 
expect its thermal efficiency to be higher. Fig. 5 shows, how- 
ever, that within the range of size of the M.I.T. engines, the dif- 
ferences in efficiency are smaller than the uncertainties of meas- 
urement, and the imep versus piston-speed curves are the same. 


Indicated Meam Effective Pressure, psi 


Piston Speed, ft./min. 


Fig. 5 Inpicatsep Mran Errective Pressure Versus Piston 
Sprep oF M.I.T. GrometricaLLty SIMILAR ENGINES 
(Symbols and operating conditions same as in Fig. 2) 


Figs. 6 and 7 show indicator diagrams made from the three en- 
gines at the same piston speed and under similar operating con- 


ditions. The diagrams are the same within the accuracy of 
measurement. At the same rpm the diagrams are quite dif- 
ferent. Figs. 6 and 7 lend further confirmation to the foregoing 


theory, including the predominant influence of the Mach index on 
volumetric efficiency. 

Following up this subject further, the author has plotted, Fig. 8, 
indicated thermal efficiency versus bore for a number of commer- 
cial Diesel engines, based on manufacturers’ data. If the data for 
large bores are representative, a trend in the expected direction is 
indicated. 

Fuel and Combustion. In spark-ignition engines, flame speed 
tends to be proportional to piston speed, regardless of cylinder 
size. This being the case, the time required for the flame to cross 
the combustion chamber of similar engines running at the same 
piston speed increases in proportion to the bore. The time re- 
quired for autoignition of the end gas, however, remains constant 


. 
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Fic. 6 Inpicator Diagrams or M.J.T. GromEeTRIcALLY SIMILAR 
ENGINES 
(Piston speed = 2040 fpm; other operating conditions same as in Fig.2.) 


with a given fuel and fuel-air ratio. Thus there is an increasing 
tendency toward autoignition of the end gas, causing detonation,® 
as cylinder bore increases. Another way of stating this relation is 
that the detonation-limited indicated mean effective pressure in- 
creases with decreasing bore. Fig. 9 shows this increase to be very 
rapid, although the slope of the curve may vary with the fuel 
used. This relation would tend to make small cylinders very de- 
sirable for aircraft engines, or in other services where supercharg- 
ing may be used and very high specific output is desirable. With- 
out supercharging and with a given fuel, compression ratio may be 
raised as cylinder size decreases, thus increasing indicated mean 
effective pressure and decreasing fuel consumption. If compres- 
sion ratio is not changed, a fuel more resistant to detonation will 
be required as the bore increases. It is considerations of detona- 
tion which, perhaps more than any other factor, have tended to 
limit the bore of spark-ignition engines to a maximum of 6 or 7 in. 
for most purposes. } 

_In Diesel engines, on the other hand, most of the difficulty in 


6 For definitions of ‘‘detonation,’’ ‘“‘end gas,’’ and for a more com- 
plete discussion of this whole subject see ‘‘The Internal Combustion 
Engine,” by C. F. Taylor and E. S. Taylor, International Textbook 
Company, ed. 1948, chapt. 6. 
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(Piston speed = 2040 fpm; other operating conditions same as in Fig. 2.) 


securing satisfactory combustion rates centers around the ‘delay 
angle,” that is, the crank angle between the start of injection and 
the beginning of rapid combustion. The larger this angle, the 
more difficult it is to avoid excessively high rates of pressure rise. 
At the same piston speed, as cylinders get larger the time to 
traverse a given crank angle grows correspondingly longer. Thus 
fuels with longer ignition delays can be tolerated as the bore in- 
creases, which is of great practical advantage. In the other direc- 
tion, as bore gets smaller and rpm increase, either fuels with 
better ignition quality are required, or the design must be changed 
to incorporate prechambers designed to limit the rate of pressure: 
rise over the piston. 

From these considerations it is easy to see why engines with. 
very large cylinders are invariably Diesels. 


A 4-stroke Pre-chamber 
© 4-stroke Open-chamber 
@ 2-stroke Open-chamber 


Bore, inches 


Fie. 8 InpicaTtep THERMAL Erriciency or Diese, Enacines at 0.60 X CHEMICALLY 
Correct Fur.i-Air RATIO 
(From manufacturers’ performance data, 1949.) 
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Fie. 9 Errect or Size on Knock-Limitep Imp IN SIMILAR CYLIN- 
DERS 


(Piston speed = 2170 fpm, adapted from Kamm, Schriften der Deutschen 
Akademic der Luftfahrforschung, March 3, 1939, r is compression ratio.) 


Friction. It is well known that the coefficient of friction of 
well-lubricated bearings of similar design is a function of the 
parameter (4N/p), in which p is the oil viscosity, N is the angular 
velocity, and pis the unit load. We have shown that in similar en- 
gines running at the same piston speed and under similar operating 
conditions, p will be the same; JN, obviously, will be inversely 
proportional to the dimension, /, so that for the friction parameter 
to be the same for all engines of the series, «// must be the same. 
In other words, oil viscosity must be proportional to the charac- 
teristic dimension. Similar considerations lead to the same con- 
clusion for sliding bearings under conditions of fluid-film Jubrica- 
tion. 

There remains the question of bearings operating under con- 
ditions of partial Jubrication. Less is known about this type of 
friction, but since it constitutes only a very small fraction of the 
total friction, the assumption that all the coefficients of mechani- 
cal friction will be the same if oi] viscosity is proportional to bore, 
seems justified. 

Since unit bearing pressures in our similar engines under 
similar operating conditions will be the same at the same piston 
speed, unit friction forces should be the same, which means that 
the mean effective pressure to overcome friction should be the 
same. 

Experiments on the M.I.T. similar engines have not borne out 
this theory, the mechanical friction mep being smaller as engine 
size increases, Fig. 10. The differences are larger than expected, 
especially in view of Fig. 11 which shows nearly equal values of 
friction mep versus piston speed for two engines of enormously 
different size. Further investigation of the causes for the wide 
differences in friction mep of the M.I.T. similar engines is indi- 
cated. 

Brake Mean Effective Pressure. With equal indicated mep and 
equal friction mep, brake mep obviously will be the same. Even 
if friction mep is not the same, it is generally small enough com- 
pared to indicated mep so that the resulting differences due to 
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engine size should be small. Thus it is not surprising that en- 
eines for similar service tend to be rated at the same brake mep 
and piston speed, as indicated by Fig. 12. 

Power Output and Weight. Since power output is proportional to 
the product of piston area, brake mean effective pressure, and pis- 
ton speed, the output of similar engines running at the same 
piston speed will be nearly proportional to 12, that is, nearly pro- 
portional to the “piston area” rather than the piston displace- 
ment. Since weight is obviously proportional to 1’, or to dis- 
placement, the weight per unit output increases with the linear 
dimension. In spite of wide differences in design, this trend is 
indicated by Fig. 13. This relation constitutes one of the strong- 
est arguments for the use of small units or small cylinders, where 
feasible. 

Wear and Life. While the mechanism of wear and how to con- 
trol it is not yet clearly understood, there seems good basis for the 
following assumptions: 
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(Curve 1 from motoring test of G-M 6-cylinder two-stroke Diesel engine, 4.25 

in. X 5 in., single-acting, with scavenging pump. Curve 2 from indicator 

cards of Sulzer. 8-cylinder two-stroke Diesel engine, 19.6 in. X 35.3 in., 
single acting, with scavenging pump.) 
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(a) Depth of corrosive wear per unit time should be inde- 
pendent of size. 

(b) With the same materials, same unit pressures, depth of 
contact wear should be proportional to distance traveled. There- 
fore depth of contact wear per unit time should be the same for 
similar engines running at the same piston speed. 


Wear “damage” should be measured by depth of wear divided 
by the dimension of the worn part. Therefore, if (a@) and (6) be 
true, wear damage per unit time varies in proportion to the 
reciprocal of the bore. In other words, the “life” of similar en- 
gines, as limited by wear, increases as the cylinder bore increases. 
This conclusion is in line with common experience. 

Costs of Manufacture. These depend on weight of materials, 
size of parts, and on the number and character of machine opera- 
tions. The small unit would appear to have the advantage in re- 
spect to weight and size, but of course requires more parts for the 
same power output. However, small parts lend themselves to 
mass-production methods better than do large ones. The follow- 
ing figures apply to two engines with cylinders of nearly similar 
design: 


ENGINE TYPE 


COMBAT AIRGRAFT 
TRAINING AIRCRAFT 
PASSENGER CAR 

4- STROKE DIESEL 
2-STROKE DIESEL 
2-STROKE OUTBOARD 


JUNKERS 2-STROKE DIESEL 
AIRCRAFT 


Retail 

: Weight, price, 

Engine No.cyls. Bore,in. Stroke,in. Rpm Hp 1lb/hp $/hp 
GM 6-71. 6 A4l/, 5 1800 L80\5 12.1 28 
GM 16-278 16 81/2 101/2 750 1600 17.5 31 

Norte: Prices include d-c generator, were quoted in Boston, Mass., 1949. 


Other figures from Diesel Power, April, 1949. 


It is known that the cost per horsepower of Diesel engines with 
very large cylinders is much higher than the figures given. ~ 

American Diesel Engines. Maximum rated brake mean effec- 
tive pressure and the piston speed at maximum rating are shown 
for U.S. Diesel Engines in Figs. 14 and 15, respectively. 

Mean effective pressures and piston speeds, on the average, de- 
crease slightly with bore, partly due to considerations of increas- 
ing temperature stresses, and partly to the fact that as engines 
get larger there is less opportunity for development work and 
ratings must, therefore, be conservative. 

A Contrast. Fig. 16 shows a composite view of a Nordberg 29- 
in. X 40-in. two-stroke Diesel engine and an Arden 0.495-in. 
X 0.516-in. model airplane engine, also a two-stroke compres- 
sion-ignition type. In spite of the considerable difference in size- 
and field of these two engines, the last three figures in Table 1 
show their basic similarity. 
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Group B, Training aircraft engines 
Group C, Passenger-car engines. 
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Combat aircraft-engine ratings are at sea-level take-off with 100-octane gasoline, 
P/Ap lines are constant ratios of horsepower to piston area in sq in, for 4-stroke en- 


Remaining points are for miscellaneous Diesel engines including automotive and locomotive types.) 
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Weight/ Brake Horsepower, |b/bhp 


Bore, inches 


Fie. 13 Werrieut Per Ratep Brake HorsepowrR Versus Bore OF REPRESENTATIVE U. 8. CoMPRESSION-IGNITION ENGINES 
(Data from Diesel Power and Diesel Transportation, April, 1947.) 


TABLE 1 ENGINE DETAILS 
Arden Nordberg 

Bh CYUNGER ee. cieie cette eee e 0.136 710 

Br aA ste s cc os eae 11400 164 
Cylinder displacement, in.*........... 0.10 26500 
PistomispeeG DIM... .cies\e eaters pele e acs 980 1100 
IBTMEDseDAlem ceieirte ties Wagssobadcaaunec 47 66 
Weight + bore’, lb/in.?............. 3.1 3.2 


The performance figures for the Arden were obtained by test at 
M.1.T. at maximum output. Those for the Nordberg are the 
manufacturer’s ratings. The weight of the Arden has been cor- 
rected on the assumption that the aluminum parts are changed to 
cast iron, to correspond with the materials used in the larger en- 
gine. 


CoNCLUSION 


Table 2 has been prepared to summarize the practical aspects of 
the foregoing discussion. 


TABLE 2 SUMMARY OF ENGINE DATA DISCUSSED 


For a given output and for: Unit size Cylinder size 
should be should be 
1 Smallest weight.............. small small 
2 Smallest volume.............. small small 
3 Lowest first cost.....0.5..... small small 
4 Lowest fuel consumption, 
Diesel. ts acavics s cshee ones large 
5 Cheapest fuel, Diesel......... large 
6 Lowest fuel consumption, spark 
EENIVLON ss.0 co's Ssas chess Pe Tee small 
7 Cheapest fuel, spark ignition. . re small 
8 Longest life (wear)........... large large 
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Similar Engines. These will be taken as engines in which all 
corresponding length ratios are the same and in which the same 
materials are used in corresponding parts. Such engines can be 
completely described by the following notation: 


ALY PICA NCimMeNSiON a, veers. . ve eee ieee WP Sage tees l 
Desronm (en cthy) Sratlosamee ee ne tien (UPiy 10h, ooo elir) 
A bill of materials 


Basic properties of the materials can be specified by the value 
for a given material. For example: 


All moduli of elasticity will be proportional to a characteristic 
modulus, EZ. 

All densities of material will be proportional to a characteristic 
density p. 

The same can be said for heat conductivities, etc. 
Fundamental Dimensions 

For purposes of this discussion, the fundamental dimensions are 
taken as follows: 


Weng thitonee URN Metra tes LOR EB acc L 
OU CeRashrtiait eh es eee. ot are F 
UP LIM Ooty cake atg be eae TREE SEES . cs a t 
Mass rues AN te Mee cies tereeae eee. c 3 M 
Absolutestemperaturexsarre siete) 2 


Inertia and Gravitational Stresses. In so far as stresses due to 
inertia and gravity are concerned, only the following properties 
will be important: 


Name Symbol Dimension 

Characteristic lengthy. .....5.......2% l L 
Desigtr ratios, <9: eat tastes ee ee (Rist Rn) 0 
Characteristic density... ../-..0-5. 42. p ML-3 
Characteristic modulus of elasticity... . E FL-2 
Angular ivelocityzj.4--e Le ee Q bat 
Grankiangle scarce miistones nena 6 0 
Dampingcoeficient 4. ... «chm ce. C FL-% 
Acceleration of gravity............... g Lt? 
Dimensional constant connecting force, 

mass; and ‘acceleration wemn--eiee eee 90 MLT-F-1 


* The damping coefficient here referred to is the damping force per unit 
area and per unit velocity between rubbing surfaces. The internal damping 
coefficients of the materials will of course be the same in similar engines. 


Introducing the typical stress ¢, which has the dimensions FL72 
we can write the dimensionless equation 


pl2Q? pl?Q2 gpl Cgo 
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Fie. 14 Ratrep Brake Mean Errective Pressurg Versus Bore or REPRESENTATIVE U.S. Compression-IGNnITION ENGINES 
(Data from Diesel Power and Diesel Transportation, April, 1947.) 
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where ¢; indicates a function of what follows. This notation 
means that if values are assigned to all but one of the terms in 
the parentheses, the value of the remaining term is determined. 
The third term in parentheses describes a parameter controlling 
stresses due to gravity. It is evident that these stresses vary with 
the typical length, /. Assuming such stresses to be negligible, and 
omitting all constant terms gives 
(12)? p(12)? Cgo 


$2 ’ ’ ’ 0 = 0 
ogo Ego plQ 


C will be the same in similar engines provided the oil viscosity 
is proportional to the bore. Assuming this to be the case, and 
eliminating all constant quantities, we can write the following 
equation, no longer dimensionless 


Ce $4( 10,6) 


This equation indicates that corresponding stresses will be the 
same at the same values of mean piston speed and crank angle. 
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Volumetric Efficiency of Similar Engines. Assuming similar de- 
sign, the independent engine variables which affect volumetric 
efficiency can be taken as follows: 


Variable Symbol Dimensions 
PR DACA BLOM OU zs cue reais ote onces l L 
PTW AT VELOCIUY incre s.s.ts tee bs vs ta Q tl 
NOG MDLESSULO ac auste sce ou femme oe Di FL- 
HI XNAUS HDT OSSUTC sete ra iy0. cad es gta cc oe cu: De FL-? 


WnlepmteMiperavUTGes en. k os. nex aw wen T; le 
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Fic. 16 Comparison or A Norppera Digseu En- 
GINE AND AN ARDEN MopeEeu AIRPLANE ENGINE 


Arden Nordberg 
1 ory Ae): eR Re ee ee SE ge 0.495 29 
Bisskotin’ > 1. heer ce 0.516 40 
Cylinder displacement, in.*.... 0.10 26500 
No; of cylinders..).i.42 0%... 5h 6 i 10 
Bhp per cylinder... .s......- 0.136 710 
UR Po Mia Pana eect ce easier one eee 11400 164 
Piston’spedda, fpm™.- i. cps «ci 980 1100 
Bmpr pPslas. sunk eae be eke 47 66 
Weight + bore?, Ib/in.3....... 3.1 Bier 
Variable Symbol Dimension 
Coolant temperature.........-.-...- T; Tr 
Pucél2airinatlowsctec cee mare e enters ent oneners F (0) 
Inlet-gas characteristics: 
Density aceite eae eee tartare p ML-3 
ViISCOSILVa enon an oer eee ae k tegen pb FL-2t 
Speedlof sounds. seers ane Cc Gp 
Ratio of specific heats..2.°.«.....4.. k 0 
Prandtl aumiber.. ose een ers aes Tp 0 


Since the Prandtl number is the same for real gases, it can be 
omitted from further consideration. Adding volumetric efficiency, 
e,, which is the dependent variable under consideration, we can 
write 
12 plP?Q p, TR, 
$1 FA ee oxy Pees 1 ee 
C go Pi fT; 

Let it be assumed that similar engines all use the same inlet gas 
(air), and that the fuel-air ratio, pressures, and temperatures are 
held constant. Omitting the constant arguments yields 

12 pl?Q 
CoH (ey = 0 
C Jou 
omitting all constant quantities 
&, = 3 (1Q, l) 


The function indicated by ¢3; now contains constants which are 
not dimensionless. It indicates that, under similar running con- 
ditions, the volumetric efficiency of similar engines is a function of 
piston speed (/Q) and of the bore (1). The presence of the term (1) 
comes from the Reynolds index. If viscous forces and variations 
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in heat-transfer coefficient are considered to have a negligible in- 
fluence, volumetric efficiency becomes a function of piston speed 
alone. 


Discussion 


L. E. Jounson.” The thesis Professor Taylor has presented 
has been carefully developed in two ways: analytically as a 
problem involving mechanics, hydraulics, and empirically other 
sciences; and by testing and studying the actual performance 
of products that are essentially similar. 

In any discussion of the effect of engine size on volumetric 
efficiency, the effect of the residual or unscavenged gases on the 
effectiveness of the succeeding induction stroke should not be 
overlooked. Because of lower heat transfer from gases to the 
cylinder wall with increase in cylinder bore, as pointed out in 
the paper, these residual gases are measurably higher in enthalpy 
per cubic inch of displacement than in the smaller-size cylinders. 
The hotter gases, undoubtedly, tend to reduce the volumetric 
efficiency of larger engines. However, as a matter of experience, 
we know that the volumetric efficiency is essentially identical 
for the same piston speed in cylinders of varying size. We may 
conclude that the heating effect of residual gases is balanced 
out by the reduced heat transfer to the incoming air in the 
manifolds of the larger bore engines, a factor which the author 
points out but adjudges insignificant. Thus, while the conclu- 
sion drawn by the author regarding volumetric efficiency is still 
essentially correct, for a full understanding of the phenomena 
these two balancing factors should not be overlooked. 

In general, the experience of engine manufacturers with the 
effect of engine size on friction horsepower is in line with the ex- 
perience cited in the paper and contrary to the conclusion arrived 
at analytically, that fmep should remain constant. In general, 
smaller engines have higher fmep and, as a result, higher fuel 
consumption at a given bmep than do larger bore engines. In 
trying to determine where the extra losses occur, we have 
stripped our smaller engines part by part and have found that 
most of the difference results from greater heat losses which 
make available for recovery a smaller percentage of the work of 
compression. The indicator card may not be accurate enough to 
show this but motoring tests certainly do. 

Perhaps the difference may be explained by the difference in 
rate of heat transfer per cubic inch of displacement to the cylinder 
walls during the compression and expansion strokes with varying 
bore. Presuming that greater heat transfer in the smaller engines 
does alter cylinder pressures, then the determination of friction 
horsepower by computing the difference between bhp and card 
indicated horsepower would not reveal the loss to the cylinder 
walls whereas friction determined by motoring would. However, 
a comparison of very accurate indicator diagrams obtained on 
different sizes of similar engines should reveal lower pressure 
levels on the smaller bore engines, providing compression ratios 
and timing events are identical. This difference in friction is not 
a pumping loss in the normal sense, to be measured by analyzing 
the indicator diagram during the intake and exhaust stroke, but 
is a loss of a portion of the energy stored during compression, 
which cannot be returned to the crankshaft during expansion. 
In this regard it should be pointed out that the two engines com- 
pared in the paper, namely, the GM 671 and the large Sulzer two- 
stroke cycle Diesel are quite dissimilar in design. The former has 
a stroke to bore ratio of 1.18 and operates on fast-burning fuels, 
whereas the latter has a stroke to bore ratio of 1.8 and undoubt- 
edly is operated on bunker C or other heavy fuel. 


7 Staff Engineer, Research Department, Caterpillar Tractor Co., 
Peoria, Il. 


In general, bearing friction is a very small proportion of engine 
friction at normal operating temperatures. While the conclusion 
drawn is that bearing friction will be an identical fraction of out- 
put in similar engines, the inference that the large engine should 
be supplied with a heavier oil than the small engine may be in 
question. Certainly for equal unit friction, oil viscosity must be 
greater in the bearings of the larger engine, However, due to the 
longer leakage path across the bearing of the larger engine with 
the same average hydrodynamic pressure as in smaller engines, 
the larger bearing must run with greater clearance. This in itself 
results in a lower rate of shearing per unit volume of lubricant 
which in turn produces less bearing temperature rise within the 
engine. This results in less reduction in viscosity, requiring still 
more flow clearance and still less heating, sufficient to establish 
the required balance of pressure and viscosity. Thus automatic- 
ally the oil is more viscous due to less heating in the bearing of the 
large engine to a degree which may eliminate completely any dif- 
ference in viscosity grade of oil required. 

Any manufacturer concerned with engine design for wide 
customer acceptance, is concerned with production and main- 
tenance costs. Some analysis of the relation between the costs of 
similar engines of different sizes would be intensely interesting. 
This analysis would be complicated by the wide spread in unit 
costs for parts made in different quantities per year. This is 
particularly significant in analyzing the cost of wear. While the 
smaller part may have to be discarded in a shorter period of time 
due to less capacity for wear, the replacement cost is often so 
much less due to the combined factors of size of part and use of 
mass-production tooling, that replacement cost per horsepower- 
hour is competitive. The labor involved in installing the smaller 
part is also less as is also the cost of invested capital that is tied 
up during the life of the engine and during nonproductive time. 

Perhaps the tendency of manufacturers to operate large-bore 
engines at lower bmep is not because of the inherently poor capa- 
bilities of the larger cylinders, but rather because of the different 
nature of the applications to which the different engine sizes are 
applied. It is our experience with similar engines in similar serv- 
ice that the opposite is true, that the larger cylinder can operate 
at higher bmep, providing that piston temperatures which tend to 
be higher are controlled. 

On the other hand, the trend to lower piston speeds for large- 
bore engines has several practical explanations: Piston tempera- 
ture drops at a greater rate through reduction in piston speed than 
it does from reduction in bmep so that lowering speed is a more 
desirable method of controlling piston temperatures than is 
lowering of bmep. In fact, it is possible, by lowering piston speed 
and increasing bmep, to reduce piston temperatures without re- 
ducing horsepower output of a given-size cylinder. Another con- 
sideration is that the slower-burning heavy fuels have their widest 
use in the larger engines and are more completely burned at lower 
piston speeds. 

An analysis of the effects of bmep and piston speed on piston 
temperatures indicates that piston speed should not be held as a 
constant factor for similitude in rating similar engines. How- 
ever, the product of piston speed and bmep will be constant for 
equal service life of similar engines provided piston speed is ad- 
justed downward with increase in cylinder bore sufficiently to 
maintain piston temperature constant. 

The effect of Diesel-engine speed on ignition delay varies from 
one type of Diesel combustion system to another. In some 
engines the conclusion drawn in the paper that ignition delay in 
crank-angle degrees increases with speed may be true. However, 
ignition-delay time in precombustion-chamber engines tends to 
vary inversely with engine speed in similar engines, undoubtedly 
because of increased turbulence at increased speed. It is interest- 
ing in this regard to point out that supercharging reduces ignition 
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lag in Diesel engines to an insignificant interval, from a practical 
standpoint. 


T. GC. Tsu.2 The author has attacked a basic problem with 
clarity, both by theoretical analysis and by experimental investi- 
gation. The paper contributes greatly toward making engine 
design more of a science than an art. 

In connection with the curves of friction mep versus piston 
speed, Fig. 10 of the paper, the writer would like to ask whether 
or not the three similar engines were made with the same degree 
of surface finish, particularly on the pistons, piston rings, and 
cylinder walls. 

To be exactly geometrically similar, of course, the engines 
should have different degrees of surface finish. If they were made 
with the same degree of finish, then, relatively speaking, the 
smaJ]] engine would be rougher than the medium engine, and the 
medium engine rougher than the large engine. in this event the 
friction mep naturally would increase with decreasing size, in 
view.of the fact that lubrication between the pistons and cylinder 
walls is relatively poor. 


E. T. Vincent.’ The paper under discussion is of some theo- 
retical interest but seems to the writer to be of minor practical 
importance since no design criteria for any particular type of ap- 
plication is involved in the analysis. True, it is shown that, given 
the correct parameters, a number of similar engines have similar 
characteristics, but this does not mean that any one of such a 
series is of special application to any particular job. It is the en- 
gine least suited to its own particular application that has the 
least chance of success. 

Again by employing data from a large number of engines the 
author draws a series of straight lines from which he infers that 
an average engine fulfills his theoretical approach. It is true that 
the average line, in some cases, does so indicate. However, as an 
example, if one has not formed an opinion as to how the line 
should be drawn, the automotive engines in Fig. 14 of the paper 
lie along a line with a slope of about 45 deg up toward the right 
much better than the approximately horizontal line drawn by the 
author. 

Again comparison is made between engines of small bore and 
high speed, and large-bore slow-speed engines. Is not the rating 
of the latter deliberately held down in order to achieve long 
life? 

The question of rating is peculiar to the application. The 
writer knows of a comparison, somewhat similar to the author’s, 
made many years ago, of engines for a particular duty in which 
the assumed conditions were somewhat different. Not only was a 
specific requirement laid down, but a given space was prescribed 
at the same time. This was a submarine application where space 
is of vital importance. The result of these differing assumptions 
was a totally different answer to that of the author. In this case, 
for a given output and space limitation the largest cylinder that 
could be employed, coupled with the fewest number of cylinders 
was proved, in an equally satisfactory manner as that of the 
author’s, to result in the smallest weight for the required maxi- 
mum power output. It will be observed that these results are in 
direct opposition to those in the paper under discussion, illustrat- 
ing the great effect the initial assumptions can have on the final 
results. 

The writer would differ from the author’s conclusion that the 
lowest fuel consumption for a spark-ignition engine is attained in 
the small cylinder. This is contrary to practice where it is well 
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known that a fairly large cylinder is required for good fuel con- 
sumption, e.g., the work at Studebaker during the last war to de- 
velop the most economical engine. This was not done in small 
bores. 

In practice it is well known that high speeds are conductive to 
high frictional losses which is confirmed by the results observed 
from the M.I.T. similar engines. The mean-piston-speed com- 
parison in Fig. 11 is not considered to cover a wide enough range 
to bring out any effective result, since comparison over about 400 
to 700 fpm is out of range for the high-speed engine of, say, 300 
to 2500 fpm. 

While on the subject of frictional losses, the author states that 
the friction mep is, in general, such a small quantity compared with 
the imep. The writer would hardly consider 30 per cent of the 
imep a small quantity that could be neglected in the comparison; 
and that is the value to be expected in many high-speed small- 
bore engines which are unsupercharged. 

Some figures of interest regarding the comparison in Table 1 
of the paper are given as follows: 


Four-cycle Two-cycle 

locomotive locomotive 
engine engine 
Bhp per cylinder 50 65 
Rpm 800 1400 
Bmep 80 82 
Weight bore? } 0.965 1.35 


Both of the Diesel engines listed have considerable life, the 
first having operated on railroads for many millions of miles. 
Comparing these figures with the author’s seems to indicate that 
the comparison in the paper was somewhat accidental. 

The writer would like to suggest another reason for the similar- 
ity of the various engines in some of the different groups, viz., 
competition. The manufacturer cannot afford to produce an 
outstanding engine and sell it in a certain field against competi- 
tion with a cheaper unit that will perform with a reasonable de- 
gree of satisfaction, the result being that.each type of application 
has very similar engines built by different manufacturers. If the 
trade would stand for a better engine, there are many cases where 
great improvements can be made at some increase in cost, etc., 
and the result would be that most of this data would not plot 
near the author’s lines and would tend to make curves in place 
of straight lines. 


AUTHOR’S CLOSURE 


In replying to Mr. Johnson, let us assume that the residual 
gases fill the clearance space at exhaust pressure when the inlet 
valve opens. Then the temperature of the residual gases has 
little direct effect on volumetric efficiency because the volume of 
residuals plus fresh mixture is not altered appreciably by the 
mixing process. The chief thermal effect on volumetric effi- 
ciency is due to heat transferred to the fresh mixture from the 
engine parts, and this would tend to be less with the larger 
cylinder, as stated in the paper. The author sees no effect which 
would tend to balance this one out as bore increases. 

With regard to engine friction, indicator diagrams taken both 
before and since writing the paper show both light-spring and 
heavy-spring diagrams to be identical at the same piston speed. 
The differences in “friction” are, therefore, truly frictional and 
are not connected with heat losses from the gases. Further test- 
ing since the paper was written shows that the motoring fric- 
tion mep is substantially the same at the same piston speed for 
all three engines, but that the difference between indicated and 
brake mep is substantially the “friction mep” shown in Fig. 10 
of the paper. At present we are inclined to agree with Mr. 
Johnson that these differences in friction are characteristic of the 
differences in cylinder size, but the explanation is not yet ob- 
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vious. One reason might be the higher wall temperature of the 
larger cylinder, which reduces oil viscosity below proportionality 
with bore. 

With regard to bearing friction, the author does not agree that 
the larger bearing with proportionately larger clearance will 
have less temperature rise in the oil at the same value of (uN/p). 
Bearing wall temperatures will be higher in the large bearing, due 
to the longer path for heat conduction from the bearing, so that at 
the same nominal value of (uN/p) the actual value may be 
lower. 

The author is in agreement with Mr. Johnson regarding the 
importance of production and maintenance costs, and hopes that 
more study will be given to the effect of cylinder size on such costs. 
With regard to the effect of cylinder size on engine ratings, Figs. 
14 and 15 of the paper show that, on the average, both bmep and 
piston speed fall off with increasing bore at about the same rate. 
Apparently manufacturers, in general, have not appreciated the 
possibility of holding temperatures down by raising bmep and 
lowering piston speed as the bore increases. 

In reply to Mr. Tsu, the surface finish in the three engines 
is approximately the same, and therefore is not geometrically 
similar. However, within the usual limits, surface finish has 
negligible effect on engine friction. The effect of surface finish on 
wear, however, may be quite important. 

Referring to Professor Vincent’s comments, the author’s ex- 
perience is that the relations expressed in this paper are of the 
greatest practical importance, especially in design, and that they 
have been unconsciously recognized and used for a long time. 
Of course each design must be made to meet its particular needs, 
but in recognizing the limitations common to all machines of a 
given type, an excellent basis is laid for the necessary modifica- 
tions for a particular case. 

With regard to the drawing of the curves in Figs. 14 and 15, it is 
obvious that the lines for the automotive group were drawn 
parallel to those indicated by groups which cover a much wider 
range of cylinder size. 

In answer to Professor Vincent’s third question, it is agreed 
that ratings for large cylinders tend to be held down for long life 
as well as for the other reasons stated in the paper. The author’s 
only surprise is that the average bmep and piston speed of large 
engines are so little smaller than those of small engines of the same 
class. It might be expected that the average curves in Figs. 14 
and 15 would fall off more rapidly with increasing bore than they 
actually do. 

In the case of the submarine engine quoted as an example by 
Professor Vincent, the author would be interested to learn what 
the assumptions were and whether or not this installation is still 
current. Perhaps the assumption of direct propeller drive was 
used, in which case the rpm was set by the propeller, and the 
largest cylinder, which would give a reasonable piston speed, 
would be the logical choice. 

With regard to the effect of cylinder size on fuel consumption of 
spark-ignition engines, the small cylinder has a lower fuel con- 
sumption only if the compression ratio is allowed to rise to hold 
the knock limit the same. The conclusion reached from the 
Studebaker tests was, if the author remembers correctly, that the 
large cylinder had no poorer fuel consumption than the smal] one. 
Since both cylinders had the same compression ratio, the larger 
one could be expected to have a slightly better fuel consumption 


at the same piston speed, owing to smaller heat losses and friction 
losses. 

With regard to Fig. 11 of the paper, it is to be regretted that 
the points for curve No. 2 cover such a small speed range. Pro- 
fessor Vincent can be assured, however, that the curve of fric- 
tion mep versus piston speed of this engine would not flatten out, 
but would follow essentially the path of the other curve. He 
states: ‘High speeds are conducive to high friction losses.’’ The 
author agrees with this statement entirely, but when cylinders of 
different sizes are being compared, the speed must be piston speed 
in order to make the statement accord with reality. 

The author fails to see the relevance of the table of figures 
given by Professor Vincent. Table 1 of the paper refers to a pair 
of two-stroke loop-scavenged engines whereas his table compares 
a four-stroke and a two-stroke engine. No claim is made that 
similitude can be stretched to cover both types. However, al- 
though the Arden and Nordberg engines were chosen for com- 
parison before their performance data were available, we could 
hardly expect such close agreement on weight/bore,? except by 
chance. 

With regard to the last statement of Professor Vincent’s com- 
ment, the author is in total disagreement. As engines are im- 
proved toward optimum design for a given service, they correlate 
better and better on the basis of rated mep and piston speed. 
This trend can easily be verified by plotting a graph, similar to 
that of Fig. 12, for the year 1910, or by leaving obsolescent en- 
gines out of Fig. 12 of the paper. 

In conclusion, the theory of similitude is offered not as a pana- 
cea, but as a tool which can be of great assistance toward ration- 
alization of the design process, which is all too empirical at best. 
Its validity, at least in many respects, is shown by the performance 
of the M.I.T. similar engines. Since commercial engines are not 
similar, they can be expected to follow the laws of similitude only 
in a general way with wide departures in individual cases. Such 
wide departures usually indicate either a mistake in rating or some 
unusual feature. If the departure is below the average there 
should be an immediate investigation by the producer, and if 
above the average, by his competitors. Used in this way, the 
theory, intelligently applied and with a full appreciation of its 
limitations, can result in significant improvements in the art of 
engine design. 

Previous Work on Similitude. It should have been stated in the 
paper that the general theory of similitude in engines, and par- 
ticularly the importance of piston speed as a limiting factor, is not 
new. A list of references on the subject follows; the paper is 
simply an attempt to explain and extend the theory and to com~ 
pare its predictions with the behavior of actual engines. 


“Design Limitations of Aircraft Engines,” by E. 8. Taylor, Aero 
Digest, vol. 26, January, 1935, pp. 22-27 and 45. 

“Diesel Engine Design,’ by H. F. P. Purday, D. Van Nostrand 
Company, Inc., New York, N. Y. (Constable and Company, Ltd., 
London, England), 1937; revised, 1948. See especially chapt. 5. 

“Ergiebennisse von versuchen mit geomitrischerenlich Gebauten 
Zylindern verschiedener Grésse und Folgerungen fir die Flug- 
motorentwicklung,’”’ by W. Kamm, Schriften der Deutschen Acadamie 
der Luftfahrtforschung, vol. 12, March 3, 1939, 33 pp. 

“Dynamic Similitude in Internal Combustion Engines,’ by 
O. Lutz, NACA Technical Memorandum No. 978, May, 1941. 

“Heat Transfer in Geometrically-Similar Cylinders,” by P. Riekert 
and A. Held, NACA Technical Memorandum No. 977, May, 1941. 

“Die Dynamik der Verbrennungskraft-Maschine,”’ by H. Schrén, 
Julius Springer-Verlag, Vienna, Austria, 1942. 
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Influence of Compressibility on Cylindrical 
Pitot-Tube Measurements 


By L. W. THRASHER! anp R. C. BINDER? 


In the cylindrical Pitot tube, an opening at the critical 
angle with the flow gives the static pressure. For small- 
diameter tubes this critical angle is 39!/, deg for incom- 
pressible fluids in a certain range of turbulent flow. Using 
a wind tunnel, the distribution of pressure was measured 
on the surface of !/3-in. and 3/,.-in-diam cylinders at Mach 
numbers ranging from 0.13 to 0.87. The change in the 
pressure distribution on the surface of the cylinders was 
small in the range of Mach numbers up to 0.25. In this 
range the critical angle was constant, and a simple cylin- 
drical Pitot tube would be convenient for direct measure- 
ments of static pressure. At the higher Mach numbers, 
particularly above 0.4, the critical angle increases above 
that for incompressible flow. The directional accuracy of 
the cylindrical Pitot increases as the Mach number in- 
creases. 


HE measurement of velocity in a gas stream is of basic im- 

portance in fluid mechanics, both in research and industrial 

applications. The cylindrical Pitot tube, or the so-called 
“direction-finding”’ Pitot tube, is one device of several for measur- 
ing velocity. This tube has advantages in certain cases. It can 
be used for the measurement of both magnitude and direction, 
and it is convenient for various mountings, as in surveys in pumps, 
fans, and compressors. 

Consider the two-dimensional flow around a circular cylinder 
whose axis is perpendicular to the stream some distance ahead of 
the cylinder. Let p; represent the upstream static pressure, and p 
the pressure at some point on the surface of the cylinder. As 
illustrated in Fig. 1, the pressure difference (p — p1) decreases 


Fic. 1 Pressure DistrRisuTION ON SURFACE OF CYLINDER 

with angle on each side of the stagnation point B until the dif- 
ference is zero at points A and C. If pressure taps were placed at 
A and C, the pressure transmitted to a gage would be the static 
pressure ~:. The critical angle 6, is defined as the angle between 
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the stagnation point on the cylinder and the point on the cylinder 
at which the surface pressure is equal to the static pressure. 

If the critical angle for a flow range is known, then for that range 
a Pitot tube can be constructed for measuring velocity in both 
magnitude and direction. Various constructions are possible. In 
one type, a hollow cylinder can be arranged with two holes; each 
hole leads to a separate compartment connected to a suita- 
ble gage. The angle between the holes is twice the critical 
angle, as the angle between A and C in Fig. 1. The tube in a 
stream of unknown direction can be rotated about its axis until 
the pressure at each hole is p;. In this position the bisector of the 
angle between the holes gives the flow direction. If the tube is 
rotated about its axis so that an opening is in line with Vi, this 
opening will give the stagnation pressure. 

The foregoing discussion indicates the use and importance of 
experimental data on the critical angle. Information is useful 
particularly for small-diameter tubes, because it is desirable to 
minimize disturbances of the flow. 


Previous Work 


Various data for incompressible flow have been reported. For 
example, Dryden (1)* was one of the first to present measurements 
of critical angle. A critical angle of 39!/, deg for 3/,s-in. and 
1/,-in-diam tubes at a tube Reynolds number of 1.2 X 104 was the 
result of a large number of tests with air reported by Fechheimer 
(2). Binder and Knapp (8) used a critical angle of 39!/, deg on 
3/,¢-in. and !/,-in-diam tubes. These tests were made in water at 
a Reynolds number approximately that of Fechheimer’s tests. 

There is a definite need for further experimental information on 
the cylindrical Pitot tube, particularly for compressible flow 
around small tubes. The following presentation gives the results 
of measurements designed to help fill the gap in present literature. 


EXPERIMENTAL INVESTIGATION 


Using a wind tunnel, the distribution of pressure was measured 
on the surface of !/s-in. and #/,.-in-diam cylinders at Mach num- 


Cylindrical Tube 


Air Flow 


Test Section 


Fig. 2 DraGRaAMMaTIC SKETCH OF WIND TUNNEL 


bers ranging from 0.13 to 0.87. Fig. 2 shows a diagrammatic 
sketch of the tunne]. Atmospheric air entered the bell inlet and 
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passed through the test section. In the test section the area 
normal to the flow was a square 5 in. on each side. The diffuser 
at the end of the test section was connected to the inlet of a com- 
pressor. A screen and an egg-crate type of straightener were 
mounted at the bell inlet. The flow through the test section was 
parallel and uniform. 

Each cylinder was placed in the test section as indicated in Fig. 
2. Each cylinder was a seamless brass tube with a No. 80 (0.0135- 
in.) hole. Care was taken to have a radial hole, a hole free from 
burrs, and a smooth tube surface free from scratches. The pres- 
sure p at the tube hole was measured by water and mercury 
manometers. The reference static pressure p, was measured at 
tunnel-wall pressure taps, in a test plane normal to the flow and 
passing through the cylinder. 

For the type of tunnel used, assume that there is no heat 
transfer through the tunnel walls. As the air expands from the 
atmosphere to the test plane, a tube placed at the test plane will 
then measure a stagnation pressure p2 equal to the atmospheric 
pressure. Tests showed this assumption to be accurate. 


Fic. 3 Notation ror MEASUREMENTS 


Let M, represent the Mach number of the flow just upstream 
from the Pitot; Mi = V:/ci, where c is the acoustic velocity. 
Fig. 3 illustrates the notation. Let k = c,/c,, where c, is the 
specific heat at constant pressure, and c, is the specific heat at 
constant volume. In the test section, the energy equation for an 
isentropic process applied between the undisturbed flow and the 
stagnation point on the Pitot can be arranged in the form 
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In Equation [1], pz and p; are absolute pressures. From the 
adiabatic relation between pressure and temperature, we can 
write 


where 72 is the absolute stagnation temperature, and 7 is the 
absolute static temperature. The stagnation temperature was 
taken as the temperature of the atmospheric air. For an ideal 


gas, C1 = kgRT,, where g is gravitational acceleration, and F is 
the gas constant. Thus from measurements of pressures and 
temperature, it was possible to determine Mi, c, and Vi. 

Fig. 4 shows typical pressure-distribution curves at low Mach 
numbers. The pressure difference (p — px) is plotted as a func- 
tion of angle. The critical angle 0, for the 1/s-in-diam tube at 
both Mach numbers of 0.13 and 0.25 was 39!/,deg. Fig. 5 shows 
a plot of a dimensionless pressure ratio versus angle for a range of 
Mach numbers. At the low Mach numbers the curves are close 
together. As the Mach number is increased, the critical angle in- 
creases. 

The solid line in Fig. 6 shows a plot of Mach number versus 
critical angle for a 1/s-in-diam tube. For Mach numbers up to 
about 0.25, the critical angle’is constant. For higher Mach num- 
bers, the critical angle increases. For the Mach number range 
from 0.1 to 0.9, the corresponding tube Reynolds number 
varies from about 0.7 X 104 to 5.9 X 104. 

For incompressible frictionless flow, the critical angle is 30 deg. 
This result can be shown by a purely theoretical study. For real 
fluids the critical angle is always higher than 30 deg. In Fig. 6 
the dashed curve marked “‘theory’” was calculated from a 
theoretical analysis by Kaplan (4) for frictionless, subsonic flow. 
The experimental curve follows a trend similar to that of the 
theoretical up to a Mach number of about 0.6 (a constant differ- 
ence of roughly 19 deg between the two curves). 

Fig. 7 shows a plot of Mach number versus critical angle for a 
3/,.-in-diam tube. The trend for the 3/i.-in-diam tube was 
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the same as that for the 4/s-in-diam tube. The critical angles 
for the */,.-in. tube were slightly lower (*/s deg lower in the Mach 
number range up to 0.25), than the critical angle for the 1/s-in. 
tube. This small difference may be due to a wall effect. Jor the 
Mach-number range from 0.1 to 0.9 for the */:¢in-diam 
tube, the corresponding tube Reynolds number varied from 
about 1.0 X 104 to 8.8 X 10%. 


CONCLUSIONS 


The change in the pressure distribution on the surface of the 
circular cylinders was small in the range of Mach numbers up to 
0.25. In this range the critical angle was constant. A simple 
cylindrical Pitot tube in this range would be convenient for 
accurate, direct measurements of static pressure. At the higher 
Mach numbers, particularly above about 0.4, the critical angle 
increases above that for incompressible flow. At the higher Mach 
numbers, the static-pressure measurement is more indirect, and 
requires a calibration over a range of Mach number. 

Typical plots, as in Fig. 4, show that the pressure gradient 
(pressure difference per degree) increases as the Mach number in- 
creases. Thus the directional accuracy of the cylindrical Pitot 
tube increases as the Mach number increases. 
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Discussion 


L. J. Hoover.‘ Some work along the lines of that reported in 
this paper was done at the Alden Hydraulic Laboratory in 1932. 
This test work was conducted just below the throat of a 36-in. 
X 16-in. Venturi meter operating with water. Several factors 
were studied which had an influence on the registration of a 
cylindrical Pitot tube. 

Fig. 8 of this discussion shows the results of tests to determine 
the effect of piezometer size on the angle of zero impact pressure. 
These tests were made at a constant Reynolds number of 69,000. 
On the curve sheet the piezometer size is presented as a ratio to 
the size of the rod in which it was installed. The actual rod 
diameter was 1°/;5 in., and the piezometer diameters were varied 
successively from !/:5 to 7/sin. It is seen that the angle for zero 
impact pressure varied from 37 to 56 deg for the range of piezom- 
eter sizes tested. 

In Fig. 9 herewith the angle required to secure zero impact 
pressure was determined as a function of Reynolds number. It 
is seen that for the limited range of the tests (5 to 30 fps), the 


4 Professor, Hydraulic Engineering, Worcester Polytechnic Insti- 
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variation in the angle for zero impact pressure plotted as a straight 
line between 39.6 and 37.1 deg. 

These tests indicate that other factors besides Mach number 
might have been affecting the results quoted in the paper. It 
would seem that tests in a water tunnel as well as in a wind tunnel 
would offer a very convenient way of separating the Reynolds 
and Mach number effects. 


AvuTHORS’ CLOSURE 


It is of interest and value to have available the data presented 
by Professor Hooper. Care should be exercised, however, in 
comparing the authors’ data with those presented by Professor 
Hooper. 

Note that in the authors’ tests the tube diameters were 1/3 
in. and #/;5 in., and the channel was 5 X 5 in. In Professor 
Hooper’s tests the tube, 15/15 in. diam, was a larger portion of 
the channel size than the tube in the authors’ tests. Thus Pro- 
fessor Hooper’s data may show a large variation due to a wall 
effect; this large effect was not present in the authors’ tests. 

Note also in the authors’ tests that the diameter of the pressure 
hole was 0.0135 in., whereas in Professor Hooper’s tests the hole 
size varied from !/;, to 7/sin. The variation of pressure over the 
surface of the cylinder is not linear. An opening of !/2 in. 
diam or 7/s in. diam subtends a relatively large angle. The 
data in Fig. 8 are open to question. There is a question as to 
interpretation. What is the meaning of the “angle for zero 
impact pressure?” The angle indicated in Fig. 8 may not be 
the actual angle at which the pressure is the static pressure of 
the stream. 

In the authors’ tests the wall effect was small. The small 
pressure opening covered a relatively small angle. The experi- 
mental trend, as indicated by Fig. 6, followed the general trend 
indicated by an analysis of the compressibility effects. We feel, 
therefore, that the authors’ test data indicates clearly the in- 
fluence of compressibility. 


Determination of ASME Nozzle Coefficients 


for Variable Nozzle External Dimensions 


By R. G. FOLSOM,’ BERKELEY, CALIF. 


Specifications for ASME long-radius nozzles do not in- 
clude external dimensions. A series of tests have been 
made in an 8-in. pipe to determine the influence of the 
external nozzle diameter on pressures measured at several 
points downstream from the nozzle flange. The results 
are expressed in terms of per cent of the differential head 
measured at the standard corner tap locations. 


INTRODUCTION 


HE internal geometrical configuration and pressure-tap 

locations for long radius (ASME) flow nozzles are specified 

in reports of the ASME Special Research Committee on 
Fluid Meters.2 Nozzle discharge coefficients are available for 
several standard pressure-tap locations. Since the nozzle ex- 
ternal dimensions have not been specified, the change in dis- 
charge coefficient with different widths of the annulus or clearance 
between the outside contour of a nozzle and the pipe wall are 
unknown. The experimental investigations reported here are 
part of a study to determine the preferable location for the outlet 
pressure tap to be used with the standard long-radius flow nozzles. 


EXPERIMENTAL EQUIPMENT 


Four 8-in. pipe nozzles with approximate throat diameters of 
7'/s in., 61/3 in., 5°/gin., and 51/1. in. were tested. The external 
surface of the nozzle was formed by a wire-mesh-reinforced 
“Hydrostone” sleeve cast around the nozzle and turned on a 
lathe to the desired constant external diameter. A clear syn- 
thetic resin was applied to the machined surface of the Hydro- 
stone to prevent deterioration by water during the test period. 
Successive cuts to smaller external diameters and treatment with 
the resin were used to provide a series of finite widths of annulus 
between the nozzle outer surface and the pipe inner wall. Fig. 1 
shows a test nozzle with the Hydrostone sleeve and ready for 
insertion into the test pipe. 

The test station consisted of 60 diam of straight upstream pipe 
from a header to the test flange, followed by 30 diam of straight 
pipe to a 90-deg elbow. Centrifugal pumps driven by induction 
motors discharged into the header. A downstream control valve 
and about 20 diam of pipe discharging 1 ft above the elevation of 
the test section completed the circuit. The pipe was 8-in. 
nominal diam standard new galvanized iron pipe with standard 
extra-heavy flanges to hold the test nozzle. The upstream pipe 
was smooth to the edge of the thin circumferential slit between 
the end of the pipe and the upstream nozzle face. The flanges 
were machined to provide a special slit both upstream and 
downstream of the nozzJe for corner-tap pressures. Measure- 


1 Professor and Chairman, Division of Mechanical Engineering, 
University of California. Mem. ASME. 

2 “Fluid Meters, Their Theory and Applications, Part 1,’ Re- 
ports of the ASME Special Research Committee, ASME, 1937. 

Contributed by the Research Committee on Fluid Meters and 
presented at the Annual Meeting, New York, N. Y., November 27— 
December 2, 1949, of THe American Society or MrcuANIcAL 
E\NGINEEBS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-110. 


ments of the pipe on eight diameters at three sections upstream 
from the nozzle showed the following: 


Fic. 1 Nozzite No. 8.506.1 Wira Casr HyprosTtone SLEEVE 


FINISHED TO Maximum DIAMETER 


Pipe end 31/2 in. upstream 10/2 in. upstream 
_ { +0.026 _ {+0.074 NGA (BOGS 
8.066 Areas 8.069 AD) 0.056 8.077 18-20 085 


Centering pins were provided in the flanges to place the nozzle 
concentric with the pipe. 

Pressure taps were made at several points downstream and 
near the nozzle on the underside of the pipe. The longitudinal 
position of the taps is shown in Table 1. The circumferential 
spacing of the downstream holes was such that no one hole was 
directly in line downstream from another. The pressure con- 
nection was made by drilling a 3/;s-in-diam hole radially into the 
pipe and brazing a !/s-in. standard coupling to the outside of the 
pipe. 


TABLE 1 PRESSURE TAP LOCATIONS 
Longitudinal 
Tap location, 
no. in. Type of pressure tap 
DPS ARSE ete «Rites Seb Hole (8/16 in. diam) 
Re 0.02 Slit (width less than 0.15 in.) 
HW, Be td eis ARI alee 0.0 Slit (width less than 0.15 in.) 
DR te eee Ronee Qe2 Hole (3/16 in, diam) 
Set eR Ot car, os Cee ar By Hole (3/16 in. diam) 
Ay er retries ccsueray igo oe 4.2 Hole (3/16 in. diam) 
* i, See OP ember rae 5,2 Hole (3/i6 in. diam) 
Op eee tee cree 6.2 Hole (3/16 in. diam) 
Y op Ah ANE ENA Gs cir ipa Hole (3/16 in. diam) 
eke occ sea 8.2 Hole (3/16 in. diam) 
edb Ae Rene aE one o 91.2 Hole (3/16 in. diam) 


@ Measured upstream from the upstream face of the nozzle; all other 
measurements downstream from the downstream face of the nozzle flange. 
Thickness of nozzle flange was °/s in. and a metal-to-metal fit was obtained 
between the nozzle face and the holding flanges. 


Plastic or rubber tubes were used as connecting lines from the 
couplings to the manometers. Since petcocks can be closed 
without displacement of fluid, all petcocks in the connecting lines 
were operated by a single lever linkage to function simultaneously 
and allow corresponding instantaneous observations to be made. 
Other petcocks were installed to bleed air from the high points 
in the upstream and downstream piping. 

Air-water differential manometers (length of 8 ft) were used to 
measure pressure differences between taps 2’ and 4 (approximate 
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standard radius tap locations) and taps 1’ and 1 (standard corner- 
tap locations). The remainder of the pressure taps were con- 
nected to vertical open-end 2-in-diam plastic tubes with point 
gages mounted to determine the water elevation at the center of 
the tube. The point gages had a least count of 0.001 ft. Water 
and air temperatures were recorded, and the manometers were 


shielded from the sun. 
TESTING PROCEDURES 


Flow was established in the circuit, all air bled, and equilibrium 
conditions checked. The petcock linkage was closed and all 
manometer readings recorded. After opening the petcock 
linkage and checking equilibrium, the linkage was closed and the 
manometer readings recorded again. This procedure was re- 
peated to obtain from four to six sets of readings. The manom- 
eter zero positions were checked before and after a series of runs. 

Clearances of the annulus at the pressure taps were measured 
with the aid of a machinist micrometer before or after the series 
of tests on a specific nozzle external diameter. Since the pipe 
is out of round, the clearances varied. Typical values are shown 
in Table 2. Curves and data are reported in terms of the average 
clearances. 


TABLE 2 CLEARANCE (ANNULUS) FOR NOZZLE NO. 8.506.1 
essure tap 


no. 2 3 4 5 6 Average 
Nominal I/jisin. 0.084 0.075 0.060 0.033 0.056 0.062 
clearance 3/s3in. 0.120 0.103 0.092 0.067 0.085 0.093 
/gin. 0.145 0.182 0.121 0.098 0.126 0.124 
5/ein, 0.174 1.163 0.150 0.126 0.148 0.152 
§/ein. 0.295 0.291 0.275 0.245 0.272 0.276 
13/y9in. 0.424 0.413 0.396 0.370 0.396 0.400 
@ Clearance magnitudes in inches. 
RESULTS 


Following the general methods applied by Bean and Beitler,? 
test results are expressed in terms of dimensionless ratios. The 
pressure loss coefficient is defined as 


_ 1006, 
RGN 


k, 


n 
c 


where 6, is the pressure difference between a downstream pres- 
sure tap at position n and the downstream corner tap, A, is the 
differential pressure across the corner taps. The positive value 


3 “Some Results From Research on Flow Nozzles,’ by H. W. Bean 
and §S. R. Beitler, Trans. ASME, vol. 60, 1938, pp. 235-244. 
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of 8, indicates a reduction in pressure at the downstream tap 
with respect to the corner tap. At Reynolds numbers greater 
than some minimum value, the pressure-loss coefficient should be 
independent of the flow rate. The experimentally determined 
values of k, are given in Table 3. This table includes values of 
A, and Ap (the differential pressure across the approximate 
radius taps), as well as the Reynolds number based on the throat- 
diameter conditions. Table 4 presents the average k,-values 
for the normal nozzles (as supplied without sleeves). The 
pressure-tap locations are expressed in terms of pipe diameters 
X/D, where the distance X is measured from the upstream or the 
downstream face of the nozzle flange as indicated. 

Fig. 2 presents the data of Table 4 in graphical form. The 
values of k, have been plotted as positive in the downward direc- 
tion of the ordinate due to the definition of k,. The shape of the 
curve represents the relationship of static pressures measured at 
the wall with respect to the distance along the pipe axis. The 
curves in Fig. 2 show a decrease in static pressure as one passes 
downstream for the range of the experiments, except for the last 
point on the 6 = 0.79 curve (6 = ratio of nozzle throat diameter 
to pipe diameter). When the X/D-values are less than 
about 0.8, all nozzles show similar characteristics fork,. Beyond 
the end of the nozzle and at the larger area ratios, appreciable 
differences in k,, exist over the region of the tests. 

The range of values measured for k, for nozzle No. 8.506.1 is 
indicated in Fig. 3. The area designated as “range of all normal 
nozzle tests” is bounded by the minimum and maximum magni- 
tudes given in Table 3 under clearance of 1.080 in. (as supplied). 
Thus this area includes all test results over the limits of flow rates 
investigated for the normal nozzle. The other area in Fig. 3 
is bounded by the minimum and maximum average values at a 
given tap for all other clearances and flow rates as tabulated 
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Fig. 2 COEFFICIENTS (kn) FOR THE ALL Norman ASME Nozzies 
“As SUPPLIED”’ 


TABLE 3 SUMMARY OF EXPERIMENTAL RESULTS 


Nozzle No. 8.506.1; Clearance 


Re X 
Ar 10-5 Ae ke kg 
1.04 ome 1510 0.09 0 
2.50 4.9 2.67 0.04 0 
Bea 5.6 3.48 0.06 0.03 
4.04 6.2 4.30 0.05 0.04 
4.96 Lo® 5.30 0.06 0.04 
6.87 8.1 76 BI8 0.06 0.07 
Average 0.06 0.03 


= 0.062 in. 

ke ks ke ka ke kg 

0.09 0.46 0.64 1.36 2.09 2.54 
0.08 0.45 0.71 1.31 2.21 2.66 
0.12 0.55 0.92 1.47 2.41 3.04 
0.14 0.58 1.05 1.53 2.63 3.14 
0.15 0.59 1.11 1.57 2.68 3.15 
0.19 0.61 1.25 1.62 2.93 3.18 
0.13 0.54 0.95 1.48 2.49 2.95 


Nore: Space did not permit publication of the complete table which consists of 26 sections similar to the 


one presented. . The com 
N. Y., for reference. 


plete table is on file at ASME Headquarters, 29 West 39th Street, New York, 


TABLE 4 ki FOR NORMAL NOZZLES (AS SUPPLIED) 


Pressure tap no. 1 2 3 

(a) 0 0.27 0.40 
XL Do. (By $0209), MORSE Hn Os 47 

Nozzle 
8.506.1 0.09 0.17 
8.562.1 0.06 0.15 
8.615.1 0.06 0.08 
Salient: 0.03 0.03 


4 5 6 7 8 9 
0.52 0.64 0.77 0.89 1.02 1,14 
0.60 0.72 0.85 0.97 1.09 1,22 
0.25 0.36 0.60 0.74 1.25 1.59 
0.20 0.35 0.59 0.72 1.38 1,81 
0.15 0.24 0.54 0,63 1.44 Pisa lel 
0.10 0.42 0.63 1.16 2,44 0.74 


(a) X/D expressed in terms of X measured from downstream face of flange. 
(6) X/D expressed in terms of X measured from upstream face of flange. 
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in Table 3. Within the accuracy of the test results, it is im- 
possible to discover a trend of k,, with clearance at taps before the 
end of the nozzle. 

The average values of k, given in Table 8 are plotted in Figs. 
4, 5, and 6 for three nozzles, the results for a specific nozzle being 
plotted in a single figure. The general shape of the curves is 
similar to those in Fig. 2, with separate curves applicable to each 
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sleeve clearance investigated. In general, consistent and de- 
finable changes with sleeve clearance appear only at points 
downstream from the end of the nozzle. The region of +1/2 
per cent deviation from the normal nozzle magnitudes is in- 
dicated for the tap locations before the end of the nozzle. Al- 
though this deviation is small (less than !/2 per cent for all points 
in Figs. 4 and 5), it increases as the diameter ratio increases. 
Fig. 6, for the largest nozzle, shows four points outside the 1/2 
per cent deviation limits, these points being at the smaller 
sleeve clearances. For points beyond the end of the nozzle, 
the deviation of points for smaller sleeve clearances reduces 
as the diameter ratio increases. In Figs. 4 and 5 all clearances 
show k, magnitudes greater than those for the normal nozzles, 
a 11/. per cent range for Fig. 4, and a 1 per cent range for Fig. 5. 
In Fig. 6 all results except one point are within 1/2 per cent of the 
normal nozzle characteristics. 

The magnitudes of k, indicate the per cent difference in heads 
due to measurements at different pressure taps. The corre- 
sponding difference in calculated rate of flow (if no change in 
nozzle coefficient is considered) is one half the per cent difference 
in head. The test results show that for any pressure-tap location 
upstream from the downstream end of the nozzle, an error of 
less than +1/, per cent in calculated flow rate results from changes 
in nozzle external diameters, as compared to results with the 
normal external contours of the standard test nozzles. 


No experimental investigation was made of the change in 
nozzle coefficient for the corner taps when the nozzle external 
dimensions were changed. 

Fig. 7 has been included to demonstrate the change in k- 
values of pressure for No. 4 as the clearance increases. Data from 
three nozzles are included. Since this tap is near the location of 
the standard downstream radius tap, the magnitudes of variables 
in Fig. 7 correspond approximately to conditions for radius 
taps. 
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CONCLUSIONS 


The discharge coefficients for standard ASME long-radius 
nozzles are almost independent of the clearance in the annulus 
between the pipe wall and the nozzle external diameter at all 
pressure-tap locations between the holding flange and the end of 
the nozzle. At pressure-tap points downstream from the end, 
appreciable changes in the coefficient with clearance exist with 
larger differences corresponding to smaller diameter ratios. 

The tabular and graphical results are expressed in terms of per 
cent of the differential pressure across the corner taps. The 
maximum difference in heads (pressure at downstream corner 
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tap minus pressure at given downstream tap) at a given down- 
stream tap between the nozzle with reduced clearance in the 
annulus and the normal nozzle (as supplied) was 11/2 per cent for 
the range of the conditions tested in this investigation. 
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The Response of Thermocouples to Rapid 


Gas-Temperature Changes 


By M. W. CARBON,? H. J. KUTSCH,? ann G. A. HAWKINS! 


This paper presents practical data which were taken from 
the main results of a research program dealing with the 
response of thermocouples to changing gas temperatures. 
Experimental and theoretical data for the response time 
of thermocouples ranging in wire size from 0.01 to 0.0005 
in. are presented. The experiments were performed over 
a range of temperatures from 70 F to 950 F, and for air ve- 
locities ranging from 0 to 125 fps. All of the experiments 
were carried out in such a way that the hot junction of the 
thermocouple was always cooled. An equation is pre- 
sented for computing the response time for thermocouples 
fabricated from fine wires and subjected to sudden air- 
temperature changes. Heat transfer by conduction and 
radiation were negligible in the experiments performed. 


INTRODUCTION 


THERMOCOUPLE placed in a gas stream, the tempera- 
A ture of which suddenly changes, will usually indicate a 
temperature different from that of the true value at any 
given time before the equilibrium condition has been attained. 
Due to the fact that the measurement of instantaneous gas-tem- 
perature changes is becoming increasingly important in the 
fields of heat transfer and thermodynamics, this particular part 
of the main investigation was undertaken to obtain and correlate 
data on the response time of thermocouples fabricated from fine 
wires, 

One of the purposes of this investigation was to study the 
response of a thermocouple made from fine wires, by suddenly 
subjecting it to a low-temperature air stream. The research pro- 
gram consisted of the design and construction of suitable appara- 
tus, development of a satisfactory welding technique, and the 
collection and analysis of experimental data. Thermocouples 
composed of platinum and platinum 10 per cent rhodium with 
wire sizes of 0.01, 0.002, 0.001, and 0.0005 in. were used in the 


experiments. All of the work was carried out at approximately 
atmospheric pressure. The temperature range was 70 F to 950 
iM 


Before undertaking the experimental part of the program, a 
survey of the literature available to the authors was undertaken. 
Many of the contributions and suggestions made by previous 
investigators, as reported in the technical literature, were in- 
corporated in the program. Space limitation does not permit 
the inclusion of the many references studied, hence only a short 


1 Based on a PhD thesis, Purdue University, 1949, by one of the 
authors.? 

2 Engineer, Pile Technology Division, General Electric Company, 
Richland, Wash. Jun. ASME. ‘ 

3Instructor, School of Mechanical Engineering, Purdue Uni- 
versity, Lafayette, Ind. 

4 Westinghouse Research Professor of Heat Transfer, Purdue Uni- 
versity; Visiting Professor, 1949-1950, Division of Engineering, 
University of California, Los Angeles, Calif. Mem. ASME. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 27-December 2, 1949, 
of Tur AMERICAN Society ofr MecHANICAL ENGINEERS, 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—A-148. 


Bibliography® is included. However, the authors are cognizant 
of the value of the work of previous investigators. 


DESCRIPTION OF THE APPARATUS 


Welding Apparatus. Before the actual experimental investiga- 
tion could be undertaken, it was first necessary to develop suita- 
ble apparatus and a technique for welding the fine wires. Many 
different methods were tried before a satisfactory technique was 
developed. Finally a satisfactory method was obtained whereby 
the wires were electrically welded between graphite electrodes. 
The wires were joined by first crossing the ends and placing the 
intersection of the wires on the surface of a horizontal graphite 
rod. A second graphite rod was placed at right angles to the 
first and then rolled over the intersection of the two wires. A 
satisfactory weld was obtained when the rods were connected to 
a 3-volt d-c source. After welding, the excess material was re- 
moved carefully from the junction of the thermocouple. 

Recently Hammel (1)* described a butt-welding technique 
based on the use of a special jig. By means of this apparatus 
successfully butt-welded thermocouples have been constructed 
from wires as small as 0.003 in. diam. If the same apparatus may 
be used for fabricating thermocouples of even smaller diameter, 
this procedure may prove to be more effective than the method 
used by the authors. 

Recording Apparatus. Since the object of this phase of the 
work was to study the response of thermocouples during very 
rapid temperature changes, it was not possible to use standard 
laboratory equipment. As a result a large amount of time was 
spent in constructing suitable recording apparatus. 

The thermocouple voltage change was finally recorded by 
means of an apparatus consisting of an interrupter, alternating- 
voltage amplifier, oscilloscope, and a rotating-drum camera 
equipped with a modulator tube for placing timing marks on the 
photographic paper. Due to unstable operation of the direct- 
current amplifiers, it was finally decided to use a voltage inter- 
rupter in the circuit and a stable alternating-voltage amplifier. 
The rotating-drum camera was found to be very satisfactory for 
recording the trace on the oscilloscope. The apparatus was de- 
signed on the basis of the idea previously advanced by Champion 
and Brokaw (2). 

Test Apparatus. ‘Two devices were used to subject the thermo- 
couples to a sudden decrease in temperature. The first apparatus 
consisted of a J-shaped section of aluminum mounted in such a 
way that it could be moved instantly a short distance in a hori- 
zontal direction. In the normal operating position a jet of high- 
temperature air passed through a slot in the aluminum section 
and flowed over the test thermocouple. Horizontal displace- 
ment of the section shut off the high-temperature air stream, 
and a second slot allowed a cold-air stream to pass over the 
thermocouple. Whenever the T-section was moved, the hot-air 
stream was suddenly replaced by a cold-air jet which subjected 
the thermocouple to an instantaneous air-temperature change. 

The second method consisted of placing a thermocouple in a 
low-temperature air stream and raising the temperature of the 


5 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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wire by passing a current through it. After a desired tempera- 
ture had been reached, the current was cut off, and the couple 
allowed to cool rapidly in the air stream. 

In all tests the thermocouples were placed in a horizontal posi- 
tion, the wires extending in opposite directions from the junction. 
The horizontal thermocouple was mounted at right angles to the 
air stream. In this way the thermocouple resembled a very thin 
cylinder placed at right angles to the air flow. 


EXPERIMENTAL PROCEDURES 


Before undertaking the main part of the experimental program, 
calibration tests and preliminary calculations and experiments 
were conducted. 

Experiments were conducted to ascertain as to whether or not 
conduction of heat along the lead wires of the thermocouples was 
of large enough magnitude to merit consideration. The results 
obtained indicated that the heat loss by conduction was negli- 
gible. 

Calculations indicated that for the experimental range of the 
apparatus, the transfer of heat by radiation from the junction of 
the thermocuple to the surroundings was very small in compari- 
son with the convective heat transfer; hence it could also be 
neglected. 

Several experiments were carried out in an effort to determine 
the maximum air velocity which the couples could withstand 
without breaking. The results obtained indicated that the 
couples could be used for velocities up to 400 fps. 

Considering only convective heat transfer to or from the couple, 
a heat balance was written and the final result written in a form 
similar to that used by Rhodes (3), Harper (4), Fiock (5), and 
Bailey (6), which follows 


Sore Ge) (1 ees (1) 
_ ede 
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where 
t; = initial temperature as indicated by thermocouple before 

temperature change occurs 

temperature indicated by thermocouple 7 millisec after 
change occurs 

temperature of air stream after temperature change 
occurs 

= density of thermocouple material 

= specific heat of thermocouple material 

coefficient of heat transfer 

= diameter of thermocouple wire 

time elapsed after temperature change occurs 


4 S SCE 
ll 


If the time elapsed 7 is selected equal to 8, then Equation [1] 
reduces to the following 


(t; —— t) — 0.632 (t; ae i) ove ie" eiele leveNe isonet aiialnn [3] 


2 


when 7 = 8. This means that if 7 is equal to 6, then the tem- 
perature change (t; — t) is 63.2 per cent of the total change 
(t; > ta). 

Therefore it was decided to measure on the records obtained 
the time elapsed 7, when the temperature change had reached a 
value of 63.2 per cent of the total. The average experimental 
values obtained for 7 are recorded in Table 1. The averages are 
based on 103 individual experiments. 

In order to check the experimental values, a mean coefficient 
of heat. transfer was considered during 63.2 per cent of the change 
and was computed by means of the following correlation given by 


McAdams (7) 
hD DV p\°-82 
= 0.32 049 (P72) She taney 
ky My 


In order to determine the values for the thermal conductivity, 
viscosity, and density of the air for use in Equation [4], a mean 
temperature was used as found by use of the following equation 


TABLE 1 EXPERIMENTAL AND COMPUTED DATA 


Initial 
temp 
Diam of Average 
Thermo- of thermo- Air air 
couple wire, couple temp, velocity, 
number in. ti, deg F ta, deg F fps 
701 0.0005 776 84 24.5 
701 794 83 47.1 
711 665 87 22.5 
711 677 86 49.4 
711 667 83 106.8 
700 0.001 834 99 49.4 
700 840 103 28.8 
701 867 104 28.9 
701 852 102 48.4 
703 814 91 29.2 
703 821 90 50.7 
703 795 88 118.0 
704 580 74 27.3 
704 580 70 48.9 
500 0.002 908 104 18.2 
500 916 100 27.9 
500 915 96 50.4 
500 910 93 73.8 
500 913 91 98.3 
500 902 90 124.8 
501 853 99 11.1 
501 860 93 23.6 
501 870 90 49.0 
501 886 89 98.8 
502 803 104 11.9 
502 807 98 26.2 
502 818 97 48.9 
502 843 92 102.0 
542 429 64 25.4 
542 372 64 48.9 
501 531 80 25.5 
501 520 80 48.9 
543 417 62 23!.7 
543 574 84 24.1 
542 815 81 21.6 
542 830 80 48.9 
705 0,01 570 66 54.5 
705 574 63 107.4 


Average for 
63.2 per cent 


response 
time 
obtained Calculated 
from Calculated time for 
photographic Reynolds 63.2 per cent 
records, number response, 
millisec NRe millisec 
3.6 3.18 3.4 
2. 6.05 2. 
4.5 3.17 3.5 
3.5 6.92 2.6 
2.4 15.15 1.9 
8.0 12.04 Chall 
11.0 6.93 at 
IPR) 6.83 9.6 
10.8 11.72 Ceth 
11.5 (29 9.6 
9.7 12.62 7.6 
6.5 30.19 5.2 
2 8.43 9.9 
7.9 15.22 ew f 
34.3 8.32 34.8 
31.1 12.77 29.1 
24.9 23.24 22.4 
22.3 34.32 18.7 
20.1 45.70 16.3 
18.2 58.90 14.6 
34.9 5.32 42.5 
31.5 11.40 31.4 
24.8 23.55 22.5 
18.9 47.00 16.3 
35.0 5.93 41.4 
27.2 13.02 29).9'¢ 
21.5 24.23 22.6 
16.0 49.95 L602 
ae 18.20 30.2 
21. 37.00 22.3 
28.8 16.07 30.8 
PP). 83 31.50 2205 
27.0 17.24 30.9 
26.1 14.73 30.8 
31.4 10.97 32.4 
24.0 24.53 22.6 
237.0 171.8 246.0 
180.0 340.1 178.0 
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The symbols have the same significance as previously mentioned. 

In the development of Equation [4], the Prandtl number was 
considered constant, which is a satisfactory assumption for the 
temperature range used in this investigation. 

Using the value for h, together with the density, specific heat, 
and diameter, the theoretical values for + were determined for 
63.2 per cent of the total time by means of Expression [2] since 
7 is equal to 6 under the condition specified. 


RESULTS AND CONCLUSIONS 


The values for the theoretical response for various sizes of 
couples for the range of temperatures and velocities covered in the 
experiments are shown by the solid lines in Figs. 1 and 2. The 
points represent the experimental values obtained. From the 
results it may be concluded that the relations developed may be 
used to predict the time required for a thermocouple to cool to 
a value of 63.2 per cent of the total impressed temperature dif- 
ference for the temperature and air-velocity ranges covered dur- 

_ ing the investigation. The air velocity was varied from approxi- 
mately 0 fps to 125 fps. The temperature range was 70 F to 
950 F. 

Although the experimental data have not been evaluated for 
other response times, it is felt that other values for the response 
interval may be calculated by using different relationships for 
7 and £, such as the following: 


Value for ratio 


Relation between G— et 
7 and B fie 
7T=8 0.632 
T= 2B 0.865 
7 = 38 0.95 


or by evaluating 8 by use of Equations [2] and [4] and solving 
for 7 in Equation [1]. 
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Crude-Oil Flow Characteristics Experienced 
in Large-Diameter Lines 


By L. E. ANDERSON,! TULSA, OKLA. 


Characteristics of crude-oil flow in large-diameter lines 
have been investigated by gathering data on lines under 
normal operating conditions. A description of these 
tests, and a summary of the results obtained are dis- 
cussed in this paper. From these tests, an exponential 
equation has been derived to determine capacity or 
pressure drop for all trunk lines pumping crude oil in the 
turbulent-flow region. In connection with these flow 
tests, an investigation was made into the effect of pressure 
on viscosity in the range of normal pipe-line operating 
pressures. This effect, which in the past has been as- 
sumed to be a negligible one, is shown to be of definite 
importance. 


\ ‘ Y ITH the advent of larger-size lines for crude-oil trans- 
portation, the question has arisen as to the flow charac- 
teristics encountered in these larger lines. The term 
“large diameter” is of course a comparative one, but in this dis- 
cussion will refer to lines with outside diameter of 16 in. and 
larger, as prior to the last few years there were few crude-oil pipe- 
line systems of any appreciable length composed of lines with a 
nominal diameter greater than 12 in. The increased laying of 
larger lines has paralleled the development of higher-strength 
steel, permitting higher station operating pressures, together with 
improved methods of laying line. A further parallel has been the 
increased use of technical data for the design of new systems 
rather than rules of thumb formerly used. Since the pumping 
rates through these larger lines are much greater, the need for an 
accurate knowledge of available throughput is gaining in im- 
portance so that the optimum-size line will be used in the design 
of new facilities, and the length of loops required to enlarge on 
present facilities can be determined accurately. 


Basic HyprauLic FORMULAS 


In hydraulic calculations involving crude oil, it has been found 
that the basic formula as introduced by Darcy in 1857, is the most 
applicable of the various flow formulas. This equation is a 
familiar one to all engineers and in its basic form is 


fe 
cat 2gd 


In this form the equation is solvable if the various quantities are 
expressed in foot-pound-second units, giving the value of h, in 
feet. This form is rather cumbersome, however, as units required 
in the foregoing equation are not commonly used in pipe-line 
terminology. 

This equation, after conversion to a more practical form, can 
be expressed as 


1 Stanolind Pipe Line Company. Jun. ASME. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Taz American Society or MecHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—PET-13. 


34.87 fB? 
p _ 3187 {B's 
D5 
where each of the terms has the following significance: 
P = pressure drop, psi per mile. 
B = 
S = 
D = 
f = friction factor 


line throughput, bbl per hr 
specific gravity of oil pumped 
internal diameter, in. 


In Equation [1] it is possible to measure physically all quantities, 
with the exception of the dimensionless friction factor which 
must be determined experimentally. 

The customary means of expressing f is to plot its value against 
the corresponding value of Reynolds number R, which is in ex- 
istence in the line at that particular time. It is not necessary to 
dwell at length on this number as it also is familiar to all engi- 


neers. In its basic form it is expressed as 
dvp 
ae eee SO ed Soe AT ec (2] 
M 
where 
d = diameter of pipe 
v = velocity of fluid 
p = density of fluid 
uw = absolute viscosity 


Any consistent set of units can be used such that the value of R 
will be dimensionless. This equation also can be expressed in a 
form more readily used and remembered by engineers. This con- 
verted form is 


2214 
Ra wit xB 
DX» 


where B and D have the same significance as previously given, 
and »v is the kinematic viscosity of the oil moving through the line, 
expressed in centistokes. To clarify the formula further, the rela- 
tionship between centistokes and Saybolt Universal seconds 
(SUS), a more common way of expressing viscosity, can be set 
forth by a simple equation 


180 
Centistokes = 0.22¢ — poets [4] 


where ¢ represents Saybolt Universal seconds. 

A basic relationship between f and R has been established for 
streamline flow and verified by many experimenters so will be 
valid for the lines here investigated. This relationship can be ex- 
pressed by the equation f = 64/R which when substituted in 
Equation [1] gives 


where u is the absolute viscosity in centipoises. 
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RESEARCH ON Fiurp Flow 


Experimental work done by Stanton and Pannell on fluid flow 
through pipes embraced a wide set of flow conditions and has been 
recognized as one of the most authoritative pieces of work on this 
subject. Their experiments were carried out using air and water 
moving at different rates through smooth drawn brass pipe vary- 
ing in diameter from 0.361 cm to 2.855 cm. The curve pro- 
pounded by these authors is shown in Fig. 1, plotted in double 
logarithmic form. This shows the two distinct regions of flow, 
streamline and turbulent. 
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Fig. 1 Piotr or Friction Factor Versus Reynotps NuMBER 
SHowrne Basic EQUATION FOR STREAMLINE FLOW AND STANTON AND 
PanNnELL Data FoR TURBULENT FLOW 


It is the purpose here to describe tests run recently for the 
evaluation of the friction factor f in large-diameter lines in the 
turbulent-flow region and to express the results obtained from 
these tests. The intent in carrying out this investigation was to 
secure data that would be of direct use in hydraulic calculations 
on commercial pipe lines rather than procuring data that would 
be of academic interest only. Numerous papers such as that of 
Stanton and Pannell have been written on the value of f, as de- 
termined by laboratory experimentation, using various fluids 
such as water and air in small-diameter lines. Our purpose was 
to determine which data, if any, obtained from these laboratory 
experiments would be confirmed by results secured from large- 
diameter lines moving crude oil. Various authors concur with the 
reasoning that their results obtained from smaller lines may not 
hold true for larger lines. 

To get information such as was desired, sections of line in our 
system were utilized as test sections, thus providing the best 
large-scale laboratory possible. The friction factor was deter- 
mined in each of a series of test runs on each section of line. This 
was done by using Equation [1], measuring the four quantities, 
P, s, B, and D, and solving for the unknown friction factor. 

To measure the pressure drop P, recording pressure gages were 
normally used. One was installed at each end of the test section 
of line and calibrated in place by means of a dead-weight tester. 
For the measurement of specific gravity, periodic samples were 
taken from the line, and the gravity determined by means of a 
hydrometer. The gravities of the crude in the lines tested varied 
from 32 deg API to 44 deg API. For any one test, the gravity re- 
mained essentially constant. An accurate measurement of the 
volume of oil pumped through the line was necessary in order to 
obtain the pumping rate, B. This was done by pumping decrease 
out of one tank so that the actual volume was determined from 
hourly tank gages. The internal diameter used was the nominal 
internal diameter of the line with no allowance being made for 
manufacturing tolerances. Just prior to the running of a test, 
a pig-type scraper was run through the line to remove any wall 
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deposits which would have the effect of reducing the internal 
diameter, which in turn would give a higher value for the cal- 
culated friction factor. 

To compute the value of R to correlate with the value of f, it 
is necessary to determine the viscosity of the oil being pumped, 
this value then being used in Equation [3]. The ordinary 
method of measuring viscosity is by use of a commercial viscosi- 
meter, such as the Saybolt type of instrument, which measures 
the time of efflux of a prescribed amount of liquid through a cali- 
brated orifice. 

These tests run at atmospheric pressure, however, do not give 
the true viscosity of the oil while moving through the line under 
pressure. It was known that viscosity increased with pressure, 
but a perusal of available literature on the subject yielded nothing 
that was specific enough to be applicable for our use. The effect 
of pressure on viscosity is gaining in importance due to the trend 
toward higher operating pressures. 

To obtain information on conditions existent in our system, 
tests were run to determine how viscosity varied with pressures 
normally encountered in pipe-line operation. Fig. 2 shows the 
results obtained from two crudes analyzed in this manner by 
means of a falling-ball type of viscosimeter. The Hast Central 
Texas crude is one of the lightest common stream crudes handled 
in our system, and the Wyoming crude is the heaviest common 
stream crude moved through our lines. An examination of Fig. 2 
shows that the relationship between pressure and viscosity is ap- 
parently a straight-line function. At higher temperatures, the 
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per cent increase in absolute viscosity per 1000 psi is about the 
same for the two crudes, but at lower temperatures the effect of 
pressure is much greater on the lighter crude than on the heavier 
Wyoming crude. Also, for either of the particular crudes, the 
increase in viscosity due to increased pressure is a greater per- 
centage at lower temperatures. From the trend indicated on the 
curves, it appears that if the temperature is increased sufficiently, 
there may be a point at which pressure will have no effect on 
viscosity. However, this supposition would have to be proved or 
disproved by actual tests. 


Viscosity IN FLow CaLcuLATIONS 


It is obvious now that using viscosity determined at atmos- 
pheric pressure by means of commercial viscosimeters will give 
erroneous values. With this added information, our problem 
now is to seek to utilize this information in a simple manner. As 
realized from past experimentation and evidenced by this investi- 
gation, the science of turbulent flow is not an exact one such as is 
experienced under streamline-flow conditions. Instead, the 
basic equation includes the empirical term f which is dependent 
on many variables and which will itself vary over a certain range 
for the same type of pipe. Because of the inability of measuring 
f quantitatively, it is proposed to make its value dependent on 
one more variable—the change in viscosity due to pressure. Since 
the operating pressures of most trunk-line stations do not vary 
widely, this effect will be a fairly consistent one, so it is proposed 
not to use a viscosity correction factor, but instead to plot the 
values of f determined against the apparent value of R. The 
apparent value of R will be the value of this term based on the 
viscosity determined at atmospheric pressure. 

Although the effect of viscosity change in turbulent flow is an 
indirect one, by reference to Equation [5] it is seen that in 
streamline flow, the pressure drop is directly proportional to the 
absolute viscosity. Therefore, using the correct viscosity is of 
major importance. Normally, crude-oil flow is in the turbulent 
region, but there are cases where streamline flow is encountered 
such as in winter months in lines moving the heavy Wyoming oil 
shown in Fig. 2. Since pressure versus viscosity gives a straight 
line, the viscosity determined at atmospheric pressure can be 
corrected by using a correction factor based on the average line 
pressure. It is difficult to determine the average line pressure 
exactly because of ground profiles being very irregular, but, for 
most cases, the average line pressure in a section of line can be 
assumed to be one-half the station discharge pressure. No 
investigation has been made into streamline flow in actual opera- 
tions to determine how closely theoretical conditions will be 
approximated. 

As a counteraction to the effect of pressure on viscosity, some 
crudes are of a thixotropic nature, i.e., their apparent viscosity 
decreases as the shear rate increases. The shear rate in any one 
size line would increase as the pumping rate increases. This 
characteristic is noticed especially in high-paraffin-base crudes, 
such as those produced in southwestern Wyoming. On one pipe- 
line system operating in this area, normal operating pressures as 
high as 2000 psi are encountered, thus resulting in a large 
throughput and a corresponding high shear rate. In expressing 
the viscosities of these crudes, viscosities determined by an 
efflux-type viscosimeter will give a false indication of the vis- 
cosity of the oil moving through the line. Instead, a viscosity- 
temperature curve should be used showing apparent viscosities 
determined from a study of actual operations. 

Most crude oils are of the Newtonian type, however, as their 
apparent viscosity at any certain temperature is constant regard- 
less of shear rate. For this type of crude, a normal temperature- 
viscosity curve, as determined by means of an efflux viscosime- 
ter, can be used for determining uncorrected line viscosities. 
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ReEsuuts or Trsts 


The section of the Stanton and Pannell f versus R curve be- 
tween Reynolds numbers of 30,000 and 240,000 has been repro- 
duced in Fig. 3, and the author’s experimentally determined 
values for f have been plotted against the apparent R. As shown 
on the graph, these points were obtained from tests run on lines of 
16 in., 20 in., and 30 in. diam. An examination of the graph - 
shows that the author’s points determined from the 16-in. lines 
approximate the Stanton and Pannell curve very closely. The 
average of the points from the 20-in. line fall slightly above the 
curve, and the three points representing the 30-in. line are still 
higher above the curve. 


—t+ TEST RESULTS:o 16" LINE 
6 20"LINE 
o 30"LINE 


TON & PANNELL DATA 


FRICTION FACTOR-# 


0.01 
30,000 


100,000 
REYNOLDS NUMBER-R 


200,000 


Fic. 3 Prot or ExpeRIMENTAL Points DETERMINED I’RoM CRUDE- 
Oz Lines 1n ACTUAL OPERATION, AS COMPARED TO DATA OF STANTON 
AND PANNELL 


The values of f from the 16-in. and 20-in-diam lines were deter- 
mined in all cases from sections of trunk line many miles in 
length, which in most cases included very few valves and no junc- 
tions, making the values representative of straight pipe. Much 
of the 16-in. line has been in West Texas sour-crude service for a 
period of over 5 years. The 20-in. sections tested have been 
used for both sour and sweet crude, and have been in service for 
from 1 to 2 years. 

The values shown for the 30-in-diam line were obtained from a 
section of tank line approximately one-half mile in length. This 
line was just recently laid and is used for sour West Texas crude. 
Because of its short length and corresponding small pressure drop, 
it was necessary to measure the pressure differential by means 
of a manometer installed at each end of the line. Due to insuffi- 
cient data on the 30-in. line, no definite conclusions can be 
reached, but it is felt that in trunk-line service, the friction factor 
for this size line will be somewhat lower than shown here. The 
30-in. tank line tested was !/.-in. wall pipe and was laid above 
ground so was probably not perfectly round, as the pressure ip 
the line did not exceed 15 psi. In addition, the test section in- 
cluded an expansion joint which would have the effect of increas- 
ing the pressure drop slightly, resulting in a higher apparent fric- 
tion factor. 

Moody? has drawn a family of friction-factor curves based 
upon different relative roughnesses. The lowest curve in this 
family is for smooth pipe and approximates the Stanton and 
Pannell curve. The relative roughness, «/D, as given by Moody 
for commercial steel pipe in the range of sizes here discussed, is 
low enough that it can be considered as smooth pipe in the range 
of Reynolds numbers normally encountered. 


2“Priction Factors for Pipe Flow,’’ by L. F. Moody, Trans. 
ASME, vol. 66, 1944, pp. 671-684. 
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Drew, Koo, and McAdams’ made a survey of work done on 
determination of the friction factor to ascertain if Lees’ equation, 
which was based upon the data of Stanton and Pannell, gave 
values for f that were representative of smooth pipe Their 
investigation showed that the majority of experimental work, up 
to a Reynolds number of 500,000, validated Lees’ equation. 
These authors also studied work done on commercial iron and 
steel pipe and, as a result of this study, presented a curve for f 
somewhat higher than that for smooth pipes. The work they 
reviewed was all carried out on small-diameter pipe, and they 
state that smaller-size pipes generally give higher values for f. 

Other experimental work has been done by Heltzel‘ at lower 
Reynolds numbers on lines of 6 to 12 in. diam in crude-oil service, 
and the validity of the Stanton and Pannell curve for this use has 
been verified by him. It is believed the test data accumulated 
here are sufficient confirmation of this curve to warrant using it 
for large-diameter lines. Although these tests did not cover the 
entire range of R encountered in these lines, the range covered 
includes the majority of normal flow conditions. 


DETERMINING TRUNK-LINE CAPACITY 


Because the Stanton and Pannell curve has thus been substan- 
tiated for a wide range of pipe sizes, an expedient equation based 
on this curve will be developed for determining directly trunk- 
line capacity. The use of Equation [1] for determining line 
capacity is rather laborious, as it is necessary to use a cut-and-try 
method for determining the valuesof f to use in the equation. 
The range of R normally encountered in our crude-oil lines does 
not exceed 200,000 with the majority of flow conditions giving a 
value of R less than 100,000. 

Our problem now is to develop a relationship between f and R 
which will give fairly consistent results over the entire range of 
turbulent-flow conditions encountered in our work. ‘To do this, a 
straight line is drawn between points on the Stanton and Pannell 
curve corresponding to R of 6000 and 130,000, as shown in Fig. 4. 
It can be seen that this straight line does not vary widely from 
the curve at any point. By simple mathematics, the equation of 
this line is calculated to be 


but 
¥ 2214 X B 
eames) oS 
which substituted in Equation [6] gives 


0.0474 J)0.252 0.252 
ic Bo. 282 


This in turn is substituted in Equation [1] and the resultant form 
is 
1.653 B1.748 0.2525 
- D4.748 


Solving this equation for B gives the following 


0.750 P0.572 $p2.716 
B= celta Sahel [9] 


po.144 0.572 


While this is unwieldly to use, it does give a direct means of solv- 


§“The Friction Factor for Clean Round Pipe,’’ by T. B. Drew, 
E. C, Koo, and W. H. McAdams, Trans. AIChE, vol. 28, 1932, pp. 56— 
(2. 

4“Fluid Flow and Friction in Pipe Lines,” by W. G. Heltzel, The 
Oil and Gas Journal, vol. 29, June 5, 1930, pp. T203-T224. 
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ing for the capacity of a line. The greatest value of this type of 
equation lies in its adaptability to logarithmic charts or a logarith- 
mic slide rule, providing a convenient means of solution. 


PRACTICAL VERIFICATION 


It is felt that the choice of the straight line for f versus R above 
the Stanton and Pannell curve will approximate actual conditions 
very closely as the use of a higher friction factor will give a 
greater pressure drop than encountered in a straight pipe line. 
This higher pressure will compensate for certain factors not now 
considered which have the effect of increasing the operating pres- 
sure. Under our present method of calculating, no provision is 
made for the additional pressure loss through valves, fittings at 
junctions, and station manifolds. The basis of our calculations is 
the actual distance of line between stations with the correction 
for elevation head being taken as the difference in elevation be- 
tween the station floors. Though most of our stations operate 
with a tank floating on the line, there are times when they pump 
their entire stream into a tank at the next station. This would 
have the effect of increasing the discharge pressure at the pumping 
station due to the additional pressure drop through the tank line. 
No correction is made for these operating conditions although 
the tank lines are one-half mile in length at some stations. 

An additional factor that will be corrected for, by using a 
higher line for f, is the decrease in effective internal diameter be- 
tween the running of scrapers. As the lines grow older, the value 
of f experienced may increase due to internal corrosion in some 
lines, although past performance has shown this factor to be a 
negligible one in trunk lines where velocity is sufficient to prevent 
the settling out of water, the primary cause of internal corrosion. 

Considering the effect on capacity, the maximum difference 
encountered is 2.7 per cent less capacity when using the straight 
line for f instead of the Stanton and Pannell curve for if 


CoNCLUSION 


While it is realized that the data presented here are not all- 
inclusive, it is felt that it is a realistic addition to the field of pipe- 
line hydraulics. The accumulation of data such as included here 
is time-consuming as well as costly, but it is hoped that further 
study can be made of flow conditions in commercial pipe-line 
systems, for information gathered in this manner will be of definite 
aid to the pipe-line engineer. 
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Discussion 


F. M. Van Deventer.’ The author has demonstrated that 
actual operating data on 16-in., 20-in., and 30-in. lines indicate a 
friction factor versus Reynolds number relationship which closely 
confirms the Stanton and Pannell data, and that within the nor- 
mal operating range for oil lines, a straight line may safely be 
used. From that straight line, he establishes his Equation [9]. 
This discussion will show that the author’s formula is entirely 
consistent with the D’Arcy general flow formula and friction 
factors, delineated by the most recent revisions of the friction- 
factor relationship. Reference will also be made to mechanical 
calculators, the use of which eliminates the necessity of calculating 
exponentials of the author’s formula. 

The writer’s Fig. 5 is a graph of the friction factor versus Reyn- 
olds number relationship based upon the Colebrook function and 
has been delineated by Prof. L. F. Moody.* This form, prepared 
by the writer, is considered to be an improvement over Moody’s 
chart, inasmuch as scales are appended for steel, cast iron, and 
drawn materials. Hence it is unnecessary to refer to a separate 
chart or table from which the value «/D is obtained; that value 
being entered on the friction-factor chart. 

The writer includes a scale «/D so that solution may be made 
for materials other than the three referred to. 

A series of five circles in the Reynolds-number range between 
60,000 and 150,000 are shown in Fig. 5. This is the range covered 
by the author’s tests. It will be noted that if the chart is entered 
on lines representing 16-in., 20-in., and 30-in. steel pipes, these 


5 Assistant Chief Engineer, Walworth Company, Inc., New York, 
N.Y. Mem. ASME. 
6 Author’s reference 2. 
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lines converge so as to become almost indistinguishable in the 
range under discussion. That line in turn conforms closely with 
the Stanton and Pannell line, and hence with the author’s test 
data. It is also interesting to observe that this line corresponds 
to a hydraulic efficiency of about 98 per cent. 

A word of caution is in order concerning the limitation of the 
author’s formula if used for Reynolds numbers too far outside the 
limits covered by the Stanolind tests. This may be demonstrated 
by observing the spread of friction factors for pipes of 16 in. to 
30 in. diam, operating with Reynolds numbers of the order used 
in natural-gas transportation. (It is recognized that the author’s 
formula is not intended for such use, but this comparison will 
serve to illustrate the point. ) 

Modern natural-gas transport lines operate at Reynolds num- 
bers in the range of 8 million to 16 million. The spread of friction 
factors in this range is represented by the group of small circles 
plotted on the friction-factor chart. It will be noted that for 
16-in. pipes the expected friction factor is 0.012, and for 30-in. 
pipes, 0.011. In this range there is a particular friction factor 
corresponding to each pipe size. In comparing this group of 
points with the oil group, it is interesting to observe that the 
hydraulic efficiency of the 16-in. and 30-in. pipes would be about 
80 per cent and 90 per cent, respectively. 

In the interest of labor and timesaving, the writer recommends 
the use of ‘“‘mechanical brains” for the solution of most problems 
concerning the flow of fluids. Some such devices are based upon 
crude approximations or empirical data, hence satisfactory 
accuracy may not be obtained. On the other hand, some of them 
are based upon a formula of the D’Arcy type, means being pro- 
vided whereby the friction factor may be compensated so as to 
represent the pipe size and material actually used. 

The writer’s Fig. 6 is a graphic comparison of the results ob- 
tained from (1) the author’s formula; (2) the D’Arcy formula; 
(3) the Polyflo computer. The following assumptions were 
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made: ID of pipe, 20 in.; specific gravity, 0.90; viscosity, 10 
centistokes. 

Values of 4, 8, 13, and 22 psi per mile were assumed. Barrels 
per hour was calculated by the author’s formula and plotted as 
shown. 

A second set of values for pounds per square inch per mile was 
computed by the D’Arcy formula, using friction-factor values 
from the writer’s Fig. 5, and the results plotted. 

A third set of calculations was solved by the Polyflo computer 
and plotted. It will be noted that a single line fairly represents 
the results from all three methods. 

It is true that the exponent representing the relation between 


Fie. 6 


rate of flow and pressure loss is slightly different for each of the 
three methods. Hence it is analytically deduced that there 
should be three separate lines in Fig. 6. However, it may also be 
shown that within the range of this chart, the difference between 
any two of these three methods would be in the order of 2 to 3 per 
cent. Inasmuch as the spread of plotted points in the author’s 
Fig. 4 is plus or-minus 5 per cent, it seems reasonable to conclude 
that a mechanical calculator such as the Polyflo has a degree of 
accuracy consistent with the solution of most flow problems. 


W. G. Hexrzeu.’ The writer suggested ina paper “In view 
of the trend to higher operating pipe-line pressures it would be 
worth while having some information on the viscosity of crude 
oils under pressures usedin pipe-line operation.” In so far as is 
known, the data in the present paper are the first to be presented 
on this subject. It is noteworthy that there is a 50 per cent 
increase in the viscosity of the East Central Texas crude oil 
at 33.5 F, corresponding to an increase in pressure from atmos- 
pheric to 1000 psi. Likewise, an increase of only 10 per cent for 
the viscous low-gravity Wyoming crude oil under similar condi- 
tions is interesting. 

Because pressures up to 1400 psi are used for pumping opera- 
tions, and since temperatures as low as 32 F are experienced, this 
subject should be studied further. It is of sufficient importance 
that the industry should undertake an extensive investigation 
through the API or one of the engineering societies for the pur- 
pose of confirming the author’s data and to determine what the 
relationship is between pressure and viscosity of crude oils. At 
the same time, a study of the crude oils of a ‘‘thixotropic” nature 
should be made so that a pipe-line engineer will have some way of 


7 Consulting Engineer, Tulsa, Okla. 
8 Author’s reference (4). 
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identifying such a crude oil—and for the purpose of developing 
suitable means of obtaining a true viscosity. The pipe-line engi- 
neer needs more reliable means than those at his disposal now for 
determining accurately the viscosity of very viscous crude oils. 

It would be interesting if the author would report any observa- 
tions on the pipe line system, referred to in his paper, that is, 
transporting a thixotropic crude oil at 2000 psi. It is pre- 
sumed that this is the La Barge Wyoming crude oil. How do the 
operating results compare with the theoretical calculations for the 
line, using the viscosities obtained from both the Saybolt and 
Brookfield types of viscosimeters at atmospheric pressure? In 
this case can the author give any information as to what extent 
the increased shear rate offsets the viscosity? 

Are there any operating results to compare with theoretical 
calculations in the case of the 50 per cent increase in the viscosity 
of the East Central Texas crude oil at 33.5 F, as shown in Fig. 2? 

The pipe-line engineer will be interested in knowing more about 
the manner of conducting the viscosity tests under pressure. 

That the author’s data for the coefficient of friction fall along 
the Stanton-Pannell curve is what might be expected. The results 
for the 16-in. line fall very close to the Stanton-Pannell curve; 
perhaps these data are the most reliable because, as the writer 
understands, they were obtained from a long 16-in. pipe line. One 
would expect the results for the 20-in. and 30-in. lines to be as low 
or lower than those for the 16-in. line. However, the results are 
rather consistent for data obtained from operating pipe lines; 
the shortness of the 30-in. line probably accounts for the higher 
values obtained in that case. It would be helpful if the author 
would define in some detail the pipe lines for which the data were 
obtained, particularly the length of the sections and the period of 
observations. The author makes reference to some data reported 
by the writer in 1926, showing that the coefficients of friction for 
lines in sizes as small as 8 in. and 12 in. lie near the Stanton- 
Pannell curve. These tests were made on a 12-in. screw-joint 
line in Wyoming in 1923. The data were obtained by recording 
the pressure and temperature at !/2-mile intervals for about 8 
miles, and at some longer intervals outside of this stretch. The 
tests covered about 180 successive days, using 24-hr recording 
instruments. 

The Moody curves show coefficients of friction higher than the 
Stanton and Pannell curve. There is no reason for doubting the 
dimensionless analysis expressed by the Colebrook function; 
however, we should recognize that the absolute coefficient of 
roughness cannot be determined too accurately. The author’s 
data and other information on the operation of large-diameter 
crude-oil lines that is gradually coming to light, indicate that the 
relative roughness of these large-diameter lines approximates that 
for the small smooth brass tubes used in Stanton and Pannell’s 
experiments. This factor is of such importance in the design of 
large-diameter lines that the industry should endeavor, through a 
joint effort, to determine these coefficients for the practical design 
of crude-oil pipe lines. 

It is the writer’s opinion now that the empirical formula, as 
developed in the paper, can be used safely for the design of crude- 
oil pipe lines. The results probably will be as accurate as those 
obtained by trying to be precise. It is doubtful if the factors 
entering into the calculations can be determined accurately 
enough to warrant striving for precision beyond the results that 
would be obtained by this formula. In a paper written in 1930, 
the writer offered two formulas developed in a manner similar to 
the present method. One covered a range from 3000 to 57,000 for 
Reynolds number, and another for the region beyond 57,000. 
Now one formula for the whole range is adequate for practical 
purposes. The design of many miles of crude-oil pipe lines over 
the past 26 years, using the Stanton and Pannell curve, has, in 
general, and for all practical purposes proved satisfactory. 
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AUTHOR’S CLOSURE 


The author wishes to express his appreciation to Messrs. Van 
Deventer and Heltzel for the foregoing discussions submitted 
by them. 

As Mr. Van Deventer states, and as brought out in the text of 
this paper, the turbulent-flow formula is not applicable for all 
values of Reynolds numbers. The formula was derived with the 
intent of using it for crude-oil flow problems only; it is suf- 
ficiently accurate for values of R from the lower turbulent-flow 
region to a maximum R of approximately 150,000. This range 
includes the majority of crude-oil flow conditions encountered in 
the turbulent-flow region. 

With reference to transporting the thixotropic La Barge crude, 
only a limited amount of data have been obtained from a study 
of daily reports on operations. Apparent viscosities were deter- 
mined from these data by using the author’s derived equation. 
These apparent viscosities at low temperatures are lower than 
the viscosities obtained from the temperature-viscosity curve for 
this crude oil. The values for the temperature-viscosity curve 
were determined from viscosity tests run at atmospheric pressure 
by means of the Saybolt viscosimeter at high temperatures and 
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by the Brookfield viscosimeter in the lower-temperature range. 

No data are available from actual operations on the transport- 
ing of the East Central Texas crude oil at 33.5 F since our lines 
transporting this crude in its pure form reach a minimum line 
temperature in the winter months of only 50 F. 

The viscosities under pressure were determined by use of the 
Humble viscosimeter which is a falling-ball type of viscosimeter 
designed to measure the viscosity of a small subsurface oil sample 
under actual reservoir conditions. It is equipped with a water 
bath to permit viscosity determinations at different tempera- 
tures. 

Mr. Heltzel suggested that additional information on the lines 
tested would be helpful. Two different sections of 16-in. line 
were utilized, a 40-mile section in West Texas and a 15-mile sec- 
tion in Oklahoma. Tests on each of the lines were run over a 
period of about three weeks with data secured from as wide a 
range of flow rates as was conveniently possible. The tests con- 
ducted on the 20-in. lines were carried out for about the same 
length of time. Two sections of 20-in. line were also used: one 
section in Missouri was 74 miles in length, and the other section, 
which was in Oklahoma, consisted of 57 miles of pipe. 
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Surge Problems in Pipe Lines — Oil and 
Water 


By S. LOGAN KERR,! PHILADELPHIA, PA. 


This paper outlines the work done by the Water Hammer 
Committee of the Society, outlining the publications in- 
volved. A general review and summary are given of 
water-hammer studies as they can be applied to the 
petroleum pipe-line surge problem. 


N OUR Society, The Hydraulic Division is concerned with the 
flow of water and other fluids and their use in hydraulic 
machinery, turbines, pumps, valves, and conduits. The Di- 

vision is likewise interested in the behavior of flowing fluids under 
varying conditions where cavitation or water hammer is present. 
It is to this latter phenomenon that attention is now directed. 

In the years from 1920 to 1930 it was increasingly apparent 
that there was a great dearth of reliable and accurate information 
on water hammer. Only a few articles had been published in 
American engineering literature prior to 1930, but many different 
approximate formulas had found their way into textbooks and 
handbooks and were widely used by designers, sometimes with 
serious results. 

A preliminary survey indicated the need of some continuing 
activity by the Hydraulic Division, to remedy this situation. In 
1931 the Committee on Water Hammer was set up to continue 
the survey, to sponsor programs, solicit articles, prepare reports 
on the state of the art, and to stimulate interest in this subject. A 
committee of six was appointed, consisting primarily of those who 
had contributed articles on water hammer in the preceding 10 
years. 

The membership of the Committee? was not restricted to 
members of the Society, but included some who were members of 
the American Society of Civil Engineers, and one member who 
did not belong to any society. At least two members of the com- 
mittee belonged to both The American Society of Mechanical 
Engineers and the American Society of Civil Engineers, as well as 
to The Engineering Institute of Canada. Great stress was laid on 
the desirability of co-operation between all groups interested in 
surges and water-hammer problems. The committee member- 
ship also was independent of company affiliations and included 
representatives of the hydraulic-turbine manufacturers, a uni- 
versity professor, and two representatives of one of the largest 
power companies operating hydroelectric equipment in the 
United States and Canada. 

As the survey continued, and committee reports were pre- 
pared, it was felt desirable to hold a series of technical sessions 
where a carefully selected group of papers could be presented, 
covering the various aspects of water hammer and thus make 
available in English a comprehensive treatise on water hammer. 


1 Consulting Engineer, and President, 8. Logan Kerr & Company, 
Inc.; Chairman, Committee on Water Hammer. Mem. ASME. 

2 Norman R. Gibson, Eugene E. Halmos, Lewis F. Moody, Ray 
S. Quick, Earl B. Strowger, and S. Logan Kerr. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Taz American Society or MecHANIcaL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—PHT-9. 


Field test data to substantiate the theory were to be made availa- 
ble wherever possible. 

Two years of preparation resulted in the first Symposium on 
Water Hammer, held at the time of the Century of Progress Ex- 
position in Chicago, June, 1933, when several national engineering 
societies were having conventions, and a maximum attendance 
could be expected. It was sponsored jointly by The American 
Society of Mechanical Engineers, Hydraulic Division, and the 
American Society of Civil Engineers, Power Division, with other 
societies co-operating. 

A comprehensive committee report and seven papers were pri- 
vately published as a 90-page booklet, in advance of the meeting, 
and were widely distributed to promote active discussion. These 
discussions were included in a 60-page supplement which later was 
combined in a single publication and two editions were rapidly 
exhausted. 

In February, 1949, the Symposium on Water Hammer, 1933, 
was republished by this Society, and once more is available to 
engineers and students for study and reference. 


1 STATE OF THE ART—1933 


The committee report (1)? outlined the historical development 
of surge wave theory, beginning with the experiments by Jou- 
kovsky in Moscow in 1897, described in an article (2), published 
in 1904 by the American Water Works Association. Subsequent 
treatises were analyzed and evaluated as this fundamental re- 
search was extended and amplified by many engineers in Europe 
and America, the best known being the work by Allievi (8) in 
Italy and translated into many languages. The English version 
by E. E. Halmos was published in 1925, under the sponsorship of 
this Society and the American Society of Civil Engineers, with 
funds supplied by the late John R. Freeman. 

An annotated bibliography was prepared as a part of the com- 
mittee report, together with a tabulation of symbols used by 
different authors in their treatises on water hammer. The com- 
mittee also recommended a uniform nomenclature and symbol 
system in an attempt to avoid confusion in terminology. 

An appendix to the report evaluated the various theories and 
the approximate formulas in general use prior to 1983. Some of 
these formulas were derived analytically, some from piecemeal 
translations of European authors, notably Allievi, and were fre- 
quently tagged with his name as the source. These partial ab- 
stracts reached American engineering literature by devious 
routes. The original Allievi treatises were published in Italian, 
translated into German or French by Swiss engineers, and subse- 
quently, translated from German into English by others. There 
were many opportunities for substantial departures from the 
original concept during this process, since the use of formulas 
alone without full understanding of their limits of accuracy or the 
assumptions upon which they are based may give results that are 
frequently in error. 

Fig. 1 gives a comparison of the computations of a specific 
surge problem by several approximate formulas in current use at 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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FLAST/C WAVE THEORY 
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EQUATIONS OF ALLIEV/, GIBSON, QUICK 
AND G/BSON ARITHMETIC INTEGRATION 
(b) CHARTS BY QUICK, ALLIEVI 
Higa k 
(Example: Length L, 820 ft; velocity, V, 11.75 fps; head, Ho 165 ft; time, 7, 2.1 sec; wave velocity, (a), 3220 fps; critical time 2L/a, 0.509 sec.) 
the time. Similar computations were made by the elastic-wave 


theory, following different mathematica] procedures. This ex- 
ample was based upon a hypothetical hydraulic-turbine penstock 
with flow gradually cut off at a uniform rate. None of the ap- 
proximate formulas agrees exactly with computations based on 
the elastic-wave theory, nor do they allow for nonuniform rates of 
flow cutoff or permit the determination of the wave shape. The 
wide variations in results show clearly the risk in using such 
short-cut methods. 

One of the most valuable contributions to this first Symposium 
was made by A. W. K. Billings (4) of Sao Paulo Railway, Light 
and Power Company, and his associates in Brazil. This covered 
both theoretical and practical aspects of water hammer and re- 
ported extensively on the field tests which were made on a pen- 
stock for one of the large impulse-turbine units installed at the 
Serra plant in Brazil. 

The agreement between the theoretical analysis and the actual 
pressure-time diagrams, Fig. 2, recorded during tests was re- 
markable, and showed dramatically that all factors affecting 
water hammer could be taken into account during the design of a 
project and in advance of construction. It also showed that full 
and complete reliance could be placed in such theoretical studies 
when these factors had been included properly in the analysis. 

Variations in thickness, diameter, or material of construction of 
the pipe itself, branch pipes, dead ends or parallel conduits were 
discussed, and methods shown for computing their effect on the 
shape of the surge wave and the intensity of the surge pressures 
above normal working levels. 

Their treatment of the subject is applicable to any type of pres- 
sure conduit and offers one of the classic contributions to the 
knowledge of surges in pipe lines. Later developments, described 
in Section 2 of this paper, offer simplifications in the solution of 
such problems, but are based upon the same fundamental theory 


and are just as valid as the methods used by Mr. Billings and his 
associates. 

Other papers in the first Symposium include two analytical deri- 
vations of basic water-hammer equations, using the elastic-wave 
theory; one by Moody (5), and the other by Glover (6). In the 
discussion by F. Knapp (7), additional theoretical treatments are 
presented, and Strowger (8) derives the fundamental equations of 
Allievi and treats further the factors related to partial and com- 
plete reflection of surge waves. 

Two papers (9, 10) deal with surge problems in discharge lines 
from motor-driven centrifugal pumps when the power supply is 
cut off abruptly. A series of field tests is described in detail and a 
method of counteracting surges, applicable to water lines, is 
shown. 

Certain significant conclusions were reached as a result of this 
first Symposium: 


1 The elastic-wave theory developed by Joukovsky and am- 
plified by Allievi, was valid for simple conduits of uniform thick- 
ness and uniform diameter, where friction of flow could be neg- 
lected. 

2 Studies indicated that the elastic-wave theory could be ex- 
tended to account for the effect of branch pipes, dead ends, 
changes in thickness, diameter, and material of construction. The 
variations in wave form and the magnitude of surge pressures fe- 
sulting from these factors could be computed. 

3 The effect of nonlinear valve movement in either the open- 
ing or closing direction, and the behavior of relief valves could be 
included in any theoretical analysis. 

4 The means were available to determine theoretically the 
surge conditions at any point in a hydraulic system at any time 
during or after closure or opening of a control valve or other 
mechanism causing a change in velocity of flow. 
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(Serra penstock No. 1, 4550 ft long, of which 663 is 61 in. diam; 527 ft of 
55in. diam; 1872 ft of 49.2in. diam, and 2071 ft of 43.3in. diam. Thickness 
varied 0.375 in. at top to 1.688 in. at bottom. 15.5 cfs stopped in 0.22 sec.) 
(a) Pressure-time curves at control valve 

(b) Pressure-time curves at lower end 49.2-in. section, 0.455 L from valve 


5 Approximate formulas, short cuts and general assump- 
tions, were a source of great potential error and should be elim- 
inated from use, unless the formula itself was accompanied by 
a statement of its limitations, and the range of application within 
it agreed reasonably well with the elastic-wave theory. 

6 Field-test programs had confirmed the accuracy of the 
theoretical approach. 


EXPANDED ACTIVITIES 


So successful was this first endeavor that two additional steps 
were authorized as follows: 


1. To invite representatives from other societies in the United 
States and Canada to serve as associate members of The American 
Society of Mechanical Engineers’ Water Hammer Committee. 

2 To broaden its activities to include representatives of engi- 
neering societies in other countries, or to designate individuals to 
serve as associate members of the committee in other countries. 


Within a year representatives were designated by the American 
Society of Civil Engineers, the American Water Works Associa- 
tion, The Engineering Institute of Canada, and The Institution 
of Mechanical Engineers of Great Britain. 

Engineers in other countries were invited to become associate 
members to represent their own countries, and such delegates 
were designated in France, Switzerland, Germany, Austria, 
Brazil, and Australia. 
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With this broadened scope of activities, The American Society 
of Mechanical Engineers’ Committee on Water Hammer became, 
to a large extent, the clearing house for accumulating publications. 
on water hammer throughout the world. Many interesting con- 
tributions were being received from abroad and much investiga- 
tion and development work was being carried out in the United! 
States and Canada. ‘ 

The second Symposium was planned for December of 1937, and 
the papers presented at that time were published in the Novem- 
ber, 1937, issue of Transactions, ASME, and were available for 
study in advance of the meeting. : 

The international flavor which this committee had acquired 
was apparent in the author representation at this second Sympo- 
sium. While the first Symposium was confined to engineers in the 
United States and Brazil, the second program in 1937 included 
contributions from engineers in Canada, Great Britain, Switzer- 
land, Italy, and Brazil, in addition to those from the United 
States. 

The onset of the European war, with its extension to World War 
II, naturally curtailed the activities of the committee and, while 
representation of other engineering societies in the United States 
and in Canada was maintained, the associate memberships from 
other foreign countries were discontinued until some future time 
when this very valuable world-wide program of technical co-opera- 
tion could be resumed. 

One major factor in the success of the committee in carrying 
out its objectives of placing in American and Canadian engineer- 
ing literature, accurate and authoritative treatises on water ham- 
mer, has been the spirit of cordial relationship among engineers 
who are interested in this subject. 

The free interchange of technical information in the form of 
articles submitted to the committee for possible presentation and 
publication, the interchange of information by correspondence or 
by personal visits, have brought about a friendly co-operative 
situation that could not help but bring success to the program. 

Discussion of papers was carried out in an unbiased manner, 
and there is not on record a single case where personal animosity, 
personal ambition, or company policies or attitudes were allowed 
to interfere with constructive progress in this highly technical 
field. The publication of articles was not confined to the journals: 
of any one society. Outstanding contributions can be found im 
Transactions, ASME; Proceedings, American Society of Civil 
Engineers; the Journal of the American Water Works Associa- 
tion; the Journal of The Engineering Institute of Canada, and the 
Proceedings of The Institution of Mechanical Engineers of Great 
Britain. Discussions were received from all over the world, and 
abstracts or republications of many of the symposium articles 
appeared in technical publications of France, England, Switzer- 
land, Germany, and Italy. 


2 STATE OF THE ART IN 1949 


In the year 1949, some 18 years after the formation of the Com- 
mittee on Water Hammer, many of the original objectives have 
been attained. There are now available, in English, a number 
of reliable articles dealing with practically every phase of water 
hammer and surges, as applied to water flowing in closed conduits. 
A selected list of such papers is included in the Bibliography, 
that, with few exceptions, are all available in engineering re- 
ference libraries. 

Graphical methods of solution of the complex surge-wave 
equations have been developed and are proving most useful in 
analyzing complex problems (12, 13, 14). 

Nonlinear valve characteristics can be accounted for simply. 
The effect of motor-driven centrifugal pumps on surge pressures 
during sudden shutdown can be predetermined. The performance 
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of relief valves and their behavior in reducing surges can be re- 
lated to control-valve operation. 

Much progress has been made in applying surge-wave theory 
to analyses during the design of installations and in advance of 
construction. It is now possible to predict with a great degree of 
accuracy the magnitude of surge pressures in any given installa- 
tion, and thus to design remedial devices with assurance that they 
will function as desired. 

There is a growing interest in water-hammer and surge-wave 
theory. In several engineering schools, graduate research projects 
include theses on water hammer. 

Some typical examples are included to demonstrate such 
methods of solving surge problems. 


GRAPHICAL SOLUTION OF EXAMPLE IN FIG. 1 


The example used for the comparison of the various approxi- 
mate formulas, Fig. 1, can also be solved by the graphical method. 
If the hydraulic characteristics of a given system are plotted on 
rectangular co-ordinates, Fig. 3(a), it is possible to show along the 
vertical axis the head or pressure, and along the horizontal axis 
the velocity of flow in the conduit. 

Under any steady-state condition with fixed valve opening, 
the relationship between velocity and head will be given by a 
curve (Bo) which follows the square-root relationship between 
head and discharge. If friction is neglected in this particular ex- 
ample, the static head can be represented as a horizontal line 
through the vertical axis at a point corresponding to 165 ft. 

The static-head line and the steady-state head-velocity rela- 
tionship intersect at point 1, which represents the normal operat- 
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ing point. Assume that the rate of cutting off flow is uniform with 
respect to time, and the closure takes place in 2.1 sec. The 
length, diameter, and material of construction of the pipe give a 
velocity of the pressure wave of 3220 fps. The critical time 
(2L/a sec) for a surge wave to travel from the valve to the intake 
and return is approximately 0.51 sec, and hence the closure will 
be in slightly over 4 such intervals. 

Additional curves which represent the intermediate steady-state 
condition of the control valve at each unit of critical time can be 
drawn (Bi, B2, Bs, and B,). 

A further relationship exists between head and velocity, 
namely, that the surge pressure is equal to aV/g, whenever the 
closure rate is in a time equal to or less than the critical time of the 
conduit. 

This becomes a straight line when represented graphically and 
has a slope of a/g, either plus or minus, depending on whether it 
is a wave of positive pressure or negative pressure. 

If the closure is made instantaneously, then this straight line, 
having its origin at the initial steady-state condition, point 1, 
will intersect the zero-velocity line at some point 2 (not shown on 
diagram), and will result in a surge of 1175 ft above normal. 

If the closure is made in a time greater than 2L./a sec, then the 
valve stroke can be assumed to be made in a series of increments 
each equal to 2L/a sec. In this case, the line would start at point 
1 and would intersect the next ateadyseutte condition at point 3. 
It would then be reflected to point 4 along the line drawn with a 
downward slope, until it intersected the normal head line. Here 
again, it would be reflected until it reached the point correspond- 
ing to two intervals opening under a steady-state condition, 
shown as point 5. This is continued until the valve is closed. 

It will be noted that points 1, 3, 5, 7, and 9 represent the pres- 
sures at time increments of 2L./a sec. If they are drawn as shown 
in Fig. 3(b), a curve of pressure rise above normal with respect to 
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time will result, and the shape of the surge wave can be deter- 
mined. After the valve is closed, the oscillations of pressure, un- 
less damped, will continue above and below the normal head line 
and can be represented on the diagram accordingly. The maxi- 
mum pressure as indicated from the graphical solution, is identical 
with that obtained by the use of the elastic-wave-theory equa- 


tions, and no new element of theory has been introduced. 
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NONLINEAR VALVE Movement 


In making surge analyses, it is essential to have all of the data 
on the hydraulic characteristics of the system, including the be- 
havior of the valves or of other devices which may be controlling 
flow. 

The usual assumption of uniform rate of flow reduction is based 
on the following fallacies: 


(a) That the stroke of the valve stem cuts off area at a uni- 
form rate. 

(b) That the flow through a valve is in direct proportion to 
area and hence to stem travel. 


In a given system, with an initial flow of 5 fps, and a shutoff 
rate of 5 intervals of time (2L/a sec), the uniform rate of flow 
reduction could be represented as curve A in Fig. 4(a). The rate 
of change of velocity (dv/dt) would be 0.50 fps per sec. The 
graphical solution is given in Fig. 4(b), and pressure-time curve A, 
Fig. 4(d), shows a rise of 60 ft above normal. 
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By contrast, in actual practice, when an ordinary gate valve 
is closed, there is little or no effect upon the discharge until a 
point is reached about one half to one third of the full valve open- 
ing. The flow then begins to be reduced far more rapidly as the 
valve continues on toward the seat. Fig. 4(@) shows such a 
typical relationship for an ordinary gate valve, curve B. It will be 
seen that the maximum rate of change of flow (dv/dt) is 21/2 times 
that for uniform closure assumptions, reaching a value of 1.25 
fps per sec. 

The graphical method can account for variable rates of change 
of flow by taking the steady-state velocity relationship from 
curve B, Fig. 4(a), at each interval of time. The B1, B2, etc., 
points, as shown in Fig. 4(c), give the corresponding relationships, 
and the solution follows the same procedure as with uniform flow 
cutoff. The pressure rises very slowly until the valve begins to 
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cut off flow, then after three intervals of time the pressure rise is 
very much greater than it would have been if the flow rate had 
been cut off uniformly throughout the whole stroke. 

Fig. 4(d) shows the difference in pressure-time curves for these 
two cases. The rise above normal for nonuniform cutoff, curve 
B, is about 210 ft, as compared with 60 ft for uniform closure, or 
31/, times as great. Such differences can explain many pipe-line 
failures. 

In the water-works and hydroelectric fields, a reasonably valid 
short cut is used to approximate the effect of nonuniform flow- 
rate cutoff. Since it is the maximum rate of change of flow that 
determines the maximum rise in pressure, a line tangent to this 
maximum cutoff rate can be drawn, curve C, Fig. 4(a), and a 
so-called “‘equivalent time”’ is secured. 

In the present case the equivalent uniform rate would be two 
intervals of time rather than five. The dash line in Figs. 4(c), 
and (d) give the graphical solution of this case. A rise above 
normal of 195 ft results, as compared with 210 by the more precise 
method, in an error of only 7 per cent, as compared with 250 per 
cent by the assumption of curve A. 

Using this so-called short cut, the required total time of travel 
to limit surge pressures to permissible maximum values can be ob- 
tained. 


Errect oF InrTIAL VALVE OPENING 


It is also interesting at this time to analyze the effect of the 
initial starting point of valve closure upon the magnitude of surge 
‘pressures obtained. 

Closure from some intermediate point down to zero may give 
‘a much higher surge value than closing at the same uniform rate 
from the wide-open valve position down to zero. Fig. 5(a) shows, 
for the same example (Fig. 4, curve A), the graphical solution 
which indicates this relationship. It will be seen that higher surge 
pressures result when closure is initiated from 60 per cent or from 
‘20 per cent flow rates than when full flow is interrupted. Fig. 5(b) 
gives the pressure-time curves and shows the change in wave 
‘shape as well. 

When the closing rate is greater than 2L/a sec, there will be 
some intermediate point from which the valve can be closed to 
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zero in exactly 2L,/a sec, and this will result in instantaneous 
water hammer for that smaller flow. Nonuniform valve opera- 
tion can aggravate this effect. 


VARIATION IN SURGE PRESSURE ALONG CONDUIT 


It is interesting to note the variation in wave form at the control 
gate and at intermediate points along the pipe line for different 
rates of.closure. If closure is made instantaneously, then aside 
from any natural damping of the wave due to internal friction, 
compressibility of the fluid, or expansion of the pipe walls, this 
waye will travel undiminished from control valve to the point of 
origin of flow and the distribution of pressure along the line will be 
ABFC. 

If the closure is in 2L,/a sec or over, the surge pressure will di- 
minish uniformly between the control valve and the point of 
origin of flow and will appear as shown in Fig. 6, as line (ABD). 

If the closure is made at some intermediate time, between zero 
and one interval of 2L/a, the wave will travel undiminished up 
the line a distance BF corresponding to the proportion of time that 
the closure is less than time 2L,/a sec, and from that point (F) 
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will gradually diminish to zero at the point of origin of flow 
ABFD. 

Comparative tests have been made to measure this character- 
istic and demonstrate very clearly that surge waves, resulting 
from closures greater than 21,/a sec, diminished uniformly in 
proportion to the distance from control valve to the point of 
origin of flow. 

These same conclusions can be arrived at from an analysis of 
the graphical solution of the conditions at the control valve by 
taking intermediate increments of valve movement and tracing 
through the wave pattern step by step. It is necessary to have the 
number of increments of valve movement in proportion to the 
distance from the control gate to the intermediate point where it 
is desired to investigate pressure variations. 


EFFect OF CENTRIFUGAL PUMPS 


It is also possible with the graphical method to take into ac- 
count centrifugal-pump characteristics, as shown in Fig. 7. 

Tf the head-velocity curves of a centrifugal pump are superim- 
posed on the graphical diagram, a new series of steady-state oper- 
ation points results. The line friction also can be indicated, and 
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throttling-valve or control-valve characteristics added if de- 
sired. 

If an analysis is needed of the surge conditions following the 
power failure to a motor-driven centrifugal pump, the usual 
sloped lines, showing the transient surge-wave relationship can be 
drawn, and the step-by-step variation in velocity and pressure de- 
termined. 

If the flywheel effect of the rotating element of the pump and 
motor is known, the average pressure can be estimated over given 
time increments, and the approximate increments of speed reduc- 
tion for each interval of time computed. The new speeds at such 
time intervals can be used to secure a head-velocity characteristic 
of the pump at each of those times. 

The successive computations will give the “run-down time” 
of the pump, and a fairly complete record of what occurs under 
such conditions. The example in Fig. 7 is based upon a typical 
water-works installation where the pipe friction was small as com- 
pared to the normal operating pressure. It was also assumed that 
no check valve was present, and the pump was allowed to reverse 
its rotation. 


673 


CoMPLETE CHARACTERISTICS OF PUMPS 


As an added refinement in complex surge studies, the complete 
characteristics of centrifugal pumps can be considered. This is 
important if slow-closing check valves or control valves are to be 
used. Tests have been made and the results published by R. T. 
Knapp (11) and others, giving the head, flow, and torque curves 
at various speeds of pump rotation, both forward and in re- 
verse. 

In the example, Fig. 7, two such curves of head-velocity are 
shown, CC’, for backward flow with the rotor stopped, and DD’ for 
backward flow with the pump rotating at full speed in the reverse 
direction. There will be intermediate points between these 
curves and the full-speed-forward curve which permit the calcula- 
tion of the speed of the pump and the surge pressures until the 
system reaches a point of stability and the speed of the pump stays 
constant. 


ANALYSIS OF A Pumpine System WITH IRREGULAR 
PROFILE 


It is possible also in these graphical diagrams to determine the 
pressures at any intermediate point on the line-and evaluate the 
effect of pipe-line profile. In some instances this may prove to be 
a critical factor. Where the line is level and both the inlet and 
outlet are at the same elevation as the pumps, the problem is less 
complex. 

When pumping down hill, the liquid column may “run away” 
from a closed valve, leaving a vapor pocket, which must be re- 
filled at a safe rate to avoid sudden surges when the pumps are 
restarted and the oncoming liquid column meets the column at 
rest. 

When pumping uphill, the liquid column may come to rest and 
reverse rapidly, causing the pumps to run backward at a high 
rate of speed. Check valves can be slammed shut under such 
conditions and heavy surges experienced. 

In some cases a variable gradient is followed where high points 
in the line may become critical. If a down surge, following pump 
failure, passes such a point, the internal pressure could be reduced 
far below the vapor pressure of the fluid and the liquid column 
would part. Upon rejoining, the two sections may have their 
relative velocities changed abruptly and a severe surge can re- 
sult. 

It may be of interest to follow one such complete study which 
had this further variable included, namely, the parting and re- 
joining of the water column in the discharge line of the pump, 
upon emergency trip-out or loss of driving power. 

The general layout of the conduit is shown in Fig. 8(a), to- 
gether with its characteristic of length, diameter, and velocity. 
A master diagram was prepared, showing the characteristics of the 
hydraulic system, including the operation of one, two, or three 
pumps simultaneously, with and without check valves. 

The point at which the column parted and rejoined was ap- 
proximately one eighth of the distance from the pump house to 
the discharge basin, and intervals of time equal to one eighth of 
2L/a sec were utilized in analyzing this diagram. 

Fig. 8(b) shows the conditions with two pumps tripped out and 
very gradual check-valve closure. The slowing down and reversal 
of the pump with the approximate steady-state conditions with 
the pump operating backward are all shown. The check-valve 
closure was at a rate sufficiently slow to keep from cutting off the 
backward flow abruptly and causing the pressure to exceed a pre- 
determined value. 

At a point of about 1500 ft beyond the pump house, the sub- 
normal pressure fell below the barometric limit, and the water 
column parted at this point, the upper portion gradually slowed 
down, coming to rest and reversing, while the lower portion of the 
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reversed at a much more rapid rate. The upper column gradually 
picked up momentum and rejoined the lower column, resulting in 
an instantaneous surge pressure which was much greater than 
that due to check-valve closure. A resultant surge pressure, upon 
rejoining the water column, of about 250 Ib above normal would 
be experienced if no remedial devices were installed. 

On this installation, some quick-opening, slow-closing air 
valves were utilized at the crest of the hill, to admit air to act as a 
cushion to slow up the rate at which the two columns were re- 
joining. 

An analysis in advance of design indicated that a surge pressure 
of about 70 psi would be experienced and would be within a safe 
limit of design based on the stress in the thin-wall pipe. The 
actual tests made in the field, when one pump was tripped-off, 
showed a surge pressure of 65 psi. While only the operating 
gages were available for this check test,.such readings as were 
secured indicated an extremely close agreement between the 
theoretical design values obtained nearly a year previously, and 
the actual test values recorded under service conditions. 


Basic RELATIONS 


It may be well at this point to restate a few of the fundamental] 
relationships in surge-wave theory which determine the magni- 


2L/a = critical time of conduit, sec 
T = closing time, sec 
N = number of intervals of 2L/a for closing time T 
L = length of conduit, ft 
h = pressure rise above normal, ft of water 
p = pressure rise above normal, psi 
V = velocity of flow, fps 
W = weight per cu ft of fluid, Ib 
sp gr = specific gravity of fluid (water = 1.0) 
k = bulk modulus of compressibility of liquid, psi 
E = Young’s modulus of pipe-wall material, psi 
d = inside diam of conduit, in. 
e = thickness of conduit wall, in. 
g = acceleration due to gravity (32.2 fps per sec) 


2 When the flow rate is changed in a time greater than zero 
but less than or equal to 2L/a sec, the magnitude of the pressure 
rise is the same as with instantaneous closure, but the duration of 
the maximum value decreases as the time of closure approaches 
2L/a sec. 

3 Under the conditions in paragraph 2, the pressure distribu- 
tion along the pipe line varies as the time of closure varies. The 
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pressure decreases uniformly along the line if closure is in 2L/a 
sec. The maximum pressure at the control valve exists the full 
length of the line with instantaneous closure, and for slower rates 
travels up the pipe a distance equal to (Z-T'a/2) ft, then decreases 
uniformly. 

4 The surge-pressure distribution along the conduit is inde- 
pendent of the profile or ground contour of the line so long as the 
total pressure remains above the vapor pressure of the fluid. 

5 For closing times greater than 2L/a sec, the maximum 
pressure rise will be a function of the maximum rate of change in 
flow with respect to time (dv/dt). 

6 Nonlinear closures can be investigated, and the proper valve 
timing determined to hold the maximum pressure rise to any de- 
sired limiting value. 

7 The effect of centrifugal pumps and quick-closing check 
valves or control valves can be investigated using the graphical 
method of analysis. 

8 The profile of the conduit leading away from a pumping 
station may have a major influence upon the surge conditions. 
The minimum effect will be found when the line is level, the maxi- 
mum when the line is steep, or when high points occur along the 
line. : 

9 Parting and rejoining of the liquid column can produce ex- 
tremely high pressures and may cause failure of the conduit. 

10 The effect of friction can be accounted for graphically in 
any surge problem, and, when such losses are less than 5 per cent 
of the normal static or working pressure usually can be neglected. 

11 The greater the degree of accuracy desired for the results 
of a surge analysis, the more must be known about the various 
hydraulic and physical characteristics of the system. 

12 The agreement between theoretical analyses and actual 
field-test results has confirmed the accuracy of the elastic-wave 
theory in water conduits. 


3 APPLICATION TO PETROLEUM SYSTEMS 


With this broad knowledge and practice of surge-wave theory 
applied to water conduits, it has been possible to design projects 
with complete assurance that the limit set for maximum pressure 
rise will not be exceeded in actual operation. Behavior under 
emergency conditions can be predicted, and remedial or alleviat- 
ing devices utilized to protect the installation. 

How, then, can this broad base of knowledge be applied to 
petroleum pipe lines and their associated apparatus? 


1 In either case, there exists a basic physical-hydraulic- 
mechanical system subject to analysis by the elastic-wave theory. 

2 The differences in behavior between dissimilar fluids in the 
same mechanical system can be accounted for by the differences in 
the physical properties of the fluids themselves. 

3 There may be differing requirements in handling certain 
fluids as compared with others. This does not represent a depar- 
ture from established fundamental theory, but merely places 
limitations on the design of the installations. 


By examining the things that are the same in both systems it is 
possible to select the few factors that are different and concentrate 
our attention upon them. 

The pipe itself, the thickness, diameter, and material of con- 
struction, its length, the profile of the country through which it 
passes, the branches, dead ends, parallel conduits, all these are 
unchanged by the fluid within a given system. 

Centrifugal pumps, differing slightly in details of construction, 
but driven by electric motors as they are in water systems do not 
introduce new factors as between oil and water, nor do they control 
valves, check valves, shutoff valves, relief valves, or other auxil- 
iary devices for regulating flow. 
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The only basic difference between water systems and petroleum 
systems is the fluid itself, and possibly the trend today toward 
lowered factors of safety in crude-oil pipe-line designs, as com- 
pared with water-supply systems. 

The velocity of the pressure wave a, is a fundamental factor in 
any surge study, as the surge pressures are directly proportional to 
its value. The velocity of surge wave is dependent upon the di- 
ameter, thickness, material of the pipe walls, and the density and 
compressibility of the fluid in the pipe. 

Our knowledge concerning the physical characteristics of the 
pipe material is fairly complete. Young’s modulus for steel lines 
can be taken at 30,000,000 psi as an average between 29,000,000 
to 31,000,000 psi. If the ratio of diameter to thickness is known, 
it is necessary to know only the density and the compressibility 
of the liquid within the pipe to determine the value of a. 

Within the range of ordinary operating temperature for water, 
32 to 100 F, and for pressures from 0 to 1000 psi, the specific 
gravity can be taken at 1.00. 

In the same range the modulus of compressibility or ‘bulk 
modulus” has been measured and checked by field tests to be ap- 
proximately 300,000 psi with a variation of plus or minus 3 per 
cent. 

For other pipe-wall materials, cast iron, asbestos cement, or 
concrete, the physical factors are sufficiently well known that a 
chart, Fig. 9, can be used to determine the value of a when the 
inside diameter and wall thickness are known. 

For crude oil the variations in density and compressibility are 
greater than with water. Composition of the crude varies from 
field to field, and the presence of more or less of the highly volatile 
components may change these two factors at standard condi- 
tions. 

It is important to know just how these factors vary with pres- 
sure and temperature in the ranges encountered in pipe-line 
pumping, so that such variations can be accounted for in surge 
investigations. A variation in the bulk modulus will vary the 
velocity of the pressure wave and thus change the surge intensity 
by an appreciable amount. 

Fig. 10 has been prepared to show the change in surge-wave 
velocity for different values of specific gravity and compressibility. 
The range of values has been taken to cover as fully as possible all 
commonly known crudes. 

In a proposed installation it was found that there could be as 
much as 10 per cent variation in surge-wave velocity due only to 
variations in compressibility between the terminal pressure at the 
suction of one pumping unit, as compared with the initial pressure 
in the discharge of the station. 

Where fluid temperatures also vary between pumping stations 
or between seasons, an additional correction may be necessary, if 
the value of the surge-wave intensities is to be determined within 
limits of 2 per cent. 

If the limits are not closer than 10 per cent of the actual surge 
magnitude, then this refinement may be eliminated, and an 
average surge-wave velocity may be utilized for a given installa- 
tion. 

Where accuracy is needed in determining surge pressures, it is 
highly desirable to obtain a sample of crude and make a com- 
pressibility determination at several different temperatures 
throughout the range of pressures which may be experienced. 
Published literature references now available are not dependable 
for bulk modulus values as applied to surge studies. 

It is obvious that the greater the compressibility of a given 
fluid the more damping effect there will be present and hence the 
more rapid dying away of the after waves and the lowering of the 
maximum surge pressures. 

When pumping refined products, similar data are needed and 
the problem is rendered more complex when several different 
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products are in a given line at one time. The interfaces probably 
will act as points of partial reflection, in a manner similar to a 
change in diameter or thickness of the pipe wall. 

Once these physical characteristics of the fluid have been de- 
termined, the solution of any surge problem (exclusive of positive- 


displacement pumping), can be obtained by the proper applica- 
tion of the elastic-surge-wave theory developed for water prob- 
lems. 


PositTivE-DISPLACEMENT PUMPING 


The analysis of surges occurring in positive-displacement 
pumping of fluids has been described in great detail in the classic 
work of Diederichs and Pomeroy (15), presented before the 
Petroleum Division in 1929. In 1936 DeJuhasz published two 
excellent papers (16, 17), extending such analyses to the injection 
systems of Diesel engines using graphical methods. 

In the Diesel-engine field it is well known that the degree 
of compressibility of Diesel fuel oils will have an effect on the per- 
formance of the engine. As the fuel pumps force the liquid into 
the engine, they store up energy within the system and the pres- 
sure wave is slightly delayed in reaching the spray nozzle. When 
the fuel pump stops delivering oil, this locked-up energy is dissi- 
pated, causing the spray nozzle to continue to discharge for a rela- 
tively short period of time after the fuel flow is supposed to be cut 
off. 

Analyses have been made using the elastic-wave theory to 
establish adjustments in the crank-angle setting for fuel injection 
in the cylinders which are remote from the fuel pumps. Improved 
performance has resulted from this timing adjustment as it com- 
pensates for the surge effect within the fuel lines and makes the 
torque applied to the crankshaft more uniform. 

With positive-displacement pumps on petroleum pipe-line 
service, harmonic surges can be set up if the impulses from the 
individual cylinders of two or more pumps get into step with each 
other. Still another factor enters, namely, the design of station 
piping and the arrangement of headers, manifolds, branch pipes, 
and dead ends which may have natural periods of surge-wave 
oscillations and could aggravate further any “‘in-step’’ harmonics 
between pumping units. 

The magnitude of such harmonic surges can be many times the 
value calculated from the mere starting and stopping of a liquid 
column by a control valve. 


General solutions for the problem have not been too successful, 
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and more detailed studies are usually required to arrive at a means 
of correcting harmonic surges. 


JOINT SURGE CONFERENCE 


In connection with the design of large crude-oil pipe lines for 
the Middle East, and in the United States and elsewhere, it was 
felt necessary to acquire a more thorough knowledge of the pres- 
sure surges that might be experienced. 

Since several large lines are now under construction, or are in 
the design stage, a Joint Surge Conference was organized in 
October, 1948, to make investigations, conduct field tests, and 
prepare reports on the subject. The major program has been 
completed and will doubtless be reported upon in greater detail 
at other technical meetings in the near future. 

Some very interesting results were obtained which can be 
mentioned briefly. Three sets of field tests were carried on 
as follows: 


(a) Gravity series to check the fundamental correlation be- 
tween so-called “‘water-hammer”’ theories and the actual behavior 
of crude oil in a pipe line, under field conditions where friction 
was less than 15 per cent of the static pressure. 

(6) Gravity and pumping series in an actual operating line, 
some 20 miles long, where friction amounted to 80 to 90 per cent 
of the pressure available. 

(c) Operating tests of 50 odd miles of products line, under 
normal and emergency starting and stopping of the pumping 
units when operating as a closed system. 


It was found that, in every case, the field-test results checked 
closely with theoretical studies, using the elastic-wave theory and 
taking into account the differences in bulk modulus and specific 
gravity of the particular oil or refined product in the line at the 
time of the test. 

There was complete confirmation of the elastic-wave theory as 
applied to petroleum lines. 


CONCLUSIONS 


As has been found in the water-supply and hydroelectric field 
over a period of many years, there is no simple quick and easy 
formula to solve surge problems. Surge conditions can be cal- 
culated and predicted during the design stage of a project by 
proper application of the elastic-wave theory using the graphical 
method. 

The resu]ts obtained have been well worth the time and expense 
of making such analyses, and the practice is increasing in the 
water-supply and hydroelectric fields of carrying out detailed 
studies on surges for any proposed installation before construction 
starts. 

As the knowledge of surge-wave theory of “liquid”? hammer be- 
comes more widely disseminated in the petroleum-pipe-line 
field, then, as in the water field, it will be used more and more with 
assurance. Designs can be based on more accurate advance 
knowledge of surge conditions, and better designs always lead to 
better performance of the finished project. 
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Discussion 


F. M. Van Deventer.* The author has described one hv- 
draulic line which was periodically shut off by the manual opera- 
tion of a valve. During this operation an expansion joint failed 
on several occasions, and this despite his instructions to spread the 
closing operation over a 5-min interval. His investigation dis- 
closed the fact that, although the full time was used, the operator 
had divided the time into ten !/s-min periods. He then rotated 
the valve handwheel one tenth of full travel every 30 sec. It 


4 Assistant Chief Engineer, Walworth Company, Inc., New York, 
N.Y. Mem. ASME. 
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was observed that the joint failed during the final increment of 


stem travel. Gradual and continuous closing eliminated the 


trouble. 
It seems appropriate to present here an interpretation of valve- 


closing characteristics, often overlooked, and which may explain 
the experience reported by the author. 

Fig. 11, herewith, presents three curves of per cent of wide-open 
flow plotted against per cent of disk lift. 

Curve 1 represents a typical gate valve with a round disk slid- 
ing over a round port. The valve is attached directly to the 
reservoir, has free discharge, and hence functions as a variable 
orifice. The characteristic approximates a straight line; hence 
uniform disk travel during the closing operation would be ac- 
companied by a nearly uniform velocity decrease. 

Now, if a Jength of pipe equal to 1000 or 10,000 pipe diam be 
connected to the discharge side of the valve, then the flow charac- 
teristic will be determined by the resistance of the valve and pipe 
as a system, rather than by the restraining influence of the valve 
alone. 

Curves 2 and 3 represent those conditions. 

Referring to curve 3, it will be noted that if the valve disk be 
moved 90 per cent of its closing travel, the flow will still be at 
about 86 per cent of wide-open capacity. (Compares to 14 per 
cent for valve without pipe.) In this case, most of the flow control 
takes place during the last small increment of stem travel. 

The obvious conclusion is that either manual or mechanical 
control of valves should be scheduled so as to reduce the rate of 
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stem travel gradually as the closed position is approached. The 
extent to which this adjustment should be applied will depend 
upon the characteristic of the pipe and conduit considered as a 
whole. 


AUTHOR’S CLOSURE 


Mr. Van Deventer has raised a most interesting question con- 
cerning the relative effect of valve operation when controlling 
flow in long conduits. These factors can be related with reasona- 
ble accuracy by using a calibration of the valve where the pres- 
sure drop and discharge capacity at various positions of the valve, 
from wide open to closed position, has been established. It is 
possible to co-ordinate this data with the friction factor of the 
lines being controlled and thus secure the net effect of the valve. 
This will then give the rates at which flow is cut off as the 
valve travels through its stroke. 

It would appear from Fig. 11 that the gate valve acting alone 
showed almost a uniform rate of change of flow, which is rarely 
found in any control valve. The normal characteristics of a gate 
valve operating at free discharge or in a pipe line usually looks 
more like curve B in Fig. 4a in the author’s paper. The same 
comment would apply to some degree to the curve in Fig. 11 with 
the valve in combination with various lengths of pipe. It would 
be interesting to know whether the curves in this illustration were 
developed from actual tests or whether it was assumed that flow 
varied uniformly with the area through the valve, neglecting 
changes in the discharge coefficient. 


Pressure Losses in Tubing, Pipe, and Fittings 


By R. J. S. PIGOTT,! PITTSBURGH, PA. 


This paper is a continuation of the second half of the 
problem involved in the writer's 1933 paper on pipe 
flow and Prof. Lewis F. Moody’s 1944 paper. The pipe-flow 
situation is shown to be in satisfactory condition; the 
main attention is on bends and fittings. 

It has been customary in the past to rate the losses in 
bends and fittings as a function of velocity head. Another 
old method, less used, was to rate the loss in equivalent 
length of pipe. In the case of bends and fittings two types 
of loss are superposed, i.e., skin friction or pipe-loss type, 
and bend loss. The methods of test are less accurate 
than for pipe as they involve getting the difference between 
two much larger readings. Consequently the test data 
are much poorer than for pipe, for several reasons: one 
given above; another that the pipe fittings are not geo- 
metrically similar; and the test data are very much less 
than those on pipe. It seems clear that a rational formu- 
lation, however, could be attempted if we can establish 
some picture of the factors involved in the losses. Up to 
the present time bend and fitting losses have been taken 
from a range of factors unconnected with size, roughness, 
or velocity of flow. This formulation, on the basis of the 
tests, endeavors to show that there is a true bend loss for 
smooth fittings underlying the superposed losses due to 
roughness and Reynolds number. The final formulation 
involves an evaluation of the true bend loss and an evalua- 
tion of the roughness and Reynolds number effects paral- 
leling the friction factor in pipe. The final conclusion is 
that the equivalent pipe length is by all means the most 
reliable and convenient method of tabulating losses in 
different kinds of fittings and bends. The final formula- 


- 2.5 
tion is ¢ = (, + & = 0.106 (5) + 2000f2:>. This formu- 


lation has been checked against the test results and while 
it is obvious that the factors will be both plus and minus 
over a considerable range, the general correlation of the 
test data appear to be as good as our present test informa- 
tion will permit. 


INCE Osborne Reynolds’ development of the Reynolds 
S criterion dvp/u, a great variety of empirical and limited- 
range formulations for the variation of pressure drop with 
flow rate continued in use because the effect of surface roughness 
is not covered in Rn. In 1931 and 19382, the author and Dr. 
Emory Kemler undertook analysis of all published data on flow 
test of water, oil, air, and steam, the results of which were pub- 
lished by Dr. Kemler (1)? in 1933. This study was the ground- 
work on which the author’s hypothesis that roughness had the 
same effect as reduction of diameter was based (2). 
Since 1933 this formulation of friction factor has received 
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Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. Paper No. 49—PET-22. 


rather general adoption, and there is now ample proof of its ad- 
vantages and much more general application over the eaflier 
formulations. For example, extensive tests on commercial crude- 
oil pipe lines by W. B. Heltzel (Stanolind) and by Standard Oil 
of New Jersey, 6-in. to 12-in. sizes, and tests on gasoline in drawn 
aluminum tubing by CRC (Dr. O. C. Bridgeman, Bureau of 
Standards) both corroborate the corresponding curves in the 
formulation. 

In 1944 Prof. Lewis F. Moody made a further valuable im- 
provement (3). By the use of the Colebrook equations (4), he 
established smooth curves for f versus Rn for each relative 
roughness, and also confirmed the important fact that at some 
Reynolds number for each relative roughness, the friction factor 
ceased to vary with Rn and became a constant. This condition 
had been uncovered 30 or more years ago by Prof. W. S. Pardoe 
to be the case for Venturi-meter coefficients. Since the reduction 
of coefficient from a value of 1.00 in a properly designed Venturi 
is due to skin friction, it acts like a pipe, and the evidence of 
hundreds of highly accurate Venturi tests is that for each size 
and roughness, at some Reynolds number and above, the co- 
efficient becomes constant. A similar behavior is also found for 
long-radius nozzles (ASME Special Research Committee on 
Fluid Meters). 

The formulas for pipe flow are given again in the following: 

Viscous or laminar flow 


, 0.00691 lv 
Round pipes, Ape—= 


For pipes or conduits not circular, the following formula for 
shapes where the maximum diameter is not more than 25 per cent. 
greater than minimum diameter, is 


; ; 0.000432 plv 
Approximately circular or rectangular Ap = ~ keqpes ee (2} 

For shapes greatly different from circles or squares, such as 
capillary slits or bearing, clearances, it has been.demonstrated by 
J. M. Cunningham that Equation [2] is not exact; in fact, for the 
capillary slit, such as a bearing clearance, the value of Ap cor- 
rectly calculated, is just 1.5 Ap calculated by Equation [2]. 

Viscous flow, that is, flow below the critical velocity where 
Rn = 1200 to 2500, is likely to be found in heavy crude-oil pipe 
lines, most oil lines between oil tank and engine, internal lubri- 
cation passages such as drilled crankshafts, oil galleries, drilled 
connecting rods, and all bearing clearances. It will also be found 
in drill pipe and hole when handling mud in oil-well drilling, in 
cement slurries, and heavy sewage. 

Turbulent flow will be found in practically all cases involving 
water, air, natural and manufactured gas, and steam. 


Turbulent flow, Rn > 2500 


0.000108 flpv? 


Round pipes Ap = 7 


Other shapes Ap = M7 


In the case of turbulent flow, there is no limitation on Equa- 
tion [4] as to shape, and the mean hydraulic radius is a fully 
satisfactory criterion which was not the case in viscous flow. 
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Professor Moody’s plot of f versus Rn was arranged with dif- 
ferent log scales for f and Rn; this gives a convenient sized plot 
for compactness, but the f lines at each value of ¢/r are quite 


sharply curved. The original-type plot, Fig. 1, with equal co- TEN SAS SEE SSL EAEUAC INS 
ordinates gives no higher accuracy, but the f lines are so nearly pre) MEE ROY re ie ka, 
straight over large ranges that generally the whole range of flow ——— [wbing Duct __ Pipe | Cast Iron Steel Iron Smooth_ Average 
likely to be of interest in any particular case can be conveniently i spe fs a ones 
predicted by the relation 1 000057 +0017 -0060  .0102 

1-1/4 -001L, +0050 0081 

1-1/2 .0000L6 +0012 +O0LO 0068 

Apc Wy ties ek, ie eee eee ete [5] 2 000029 .00015  —.00090 +0030 0051 

2-1/2 +000023 00012 00070 002k -00K1 
where n is the slope of the f line for the particular roughness. i 005 00075 00s 120 “001s sas 0 oie 
This procedure offers the convenience that only one flow rate 8 , 1000038 {00023 100060 +~—« 00075 0013 ~~. 00115 20060 
need be calculated by Equation [2]; all other values may be 12 Leones" dooaas boots Jesebe > “Soooses couse necioe Co eas 
obtained from this value by using Relation [5]. Table 1 gives 3 Ure cen pas one “O08 
the roughness for the commonly used materials. ss jeter song cased pies eee ‘0013 

itis of interest;to note that, within theordinaryadesiem ian ge. pa ener een mre enn ce nS 
the values in the author’s 1933 plot and Professor Moody’s 1944 eee 
improved plot do not differ over +2.5 per cent, and this is well _ Ligne Brick’ 
within the limits of accuracy even for smooth pipe (+5 per cent). 3 -0120 
Our selection of «/d for the rougher pipes such as old cast-iron, 4 “0060 
concrete, or riveted pipe is open to still wider errors. 19 “0036 tas 
We have for the past decade been in a satisfactory position in rem aes : 

so far as calculating pipe friction with sufficient accuracy iscon- 3) “27018 
cerned; but the other half of the task, the losses in bends and pipe 3 ss “0050 
fittings, has hitherto not been covered in any consistent man- WwW: +0025 


ner, Nore: The 12-in-diam values are also the absolute roughness, ft. 
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Prepictine Losses In BENDs AND FITTINGS 


The problem of predicting losses in bends and fittings is much 
more uncertain than for pipe for the following reasons: 


1 The mechanism of flow is not clearly defined; at least two 
types of loss are superposed—skin friction (pipe loss), and bend 
loss. 

2 The dimensions of fittings, particularly screwed fittings, 
vary both in the actual body diameter and the ratio of diameter to 
radius of bend r/d, as commercially produced. 

3 The method of test involves taking differences between 
relatively much larger readings, and the disturbances in flow 
occasioned by the fitting are not usually completely eliminated at 
the outlet thereof. In pipe flow, consistency between tests on 
brass tubing varies +5 per cent, clean steel +10 per cent, and for 
the rougher materials, up to +30 per cent. Furthermore, for 
fittings, the.variations between tests by different experimenters, 
and different fittings by the same experimenter, may vary more 
than 300 per cent. 

4 There are very much less test data for fittings and bends 
than for pipe. 


Probably the most extensive and accurate test data on fittings 
are those by J. R. Freeman (5), covering a range from 21/, in. 
to 8 in. diam, several r/d values, and both screwed and flanged 
types. With this range of sizes, Freeman’s work could be supple- 
mented by the work of others, down to 3/; in., with some assur- 
ance that the correlation would be good enough to furnish a base 
for rationalization. 


The test data have first been plotted ¢ versus Rn. 
NOMENCLATURE 
The nomenclature used is given as follows: 


d = pipe diameter, ft 


5 6 7 8 100000 
Ra 


Fia. 4 


BRIGHT MORE 


400,000 1,000,000 


8"86"SRELLS FREEMAN & SCHODER 


3 4 5 6 7 8 100,000 2 3 4 Sere 7% 1,000,000 
n 
Fic. 8 
v = average velocity, fps al Be 
(x /4d?) 


Q = volume flow, cfs 

p = density of fluid, lb per cu ft 

= absolute viscosity, ft-lb-sec units, (= 0.000672 X centi- 
poises) 

f = friction factor, a number 

1 = length of pipe, ft 

l, = equivalent length of pipe for ¢p, 

l, = length of fitting flow path, ft 


5 j area 
M = mean hydraulic radius 


) = ‘(d/4 for 


wetted perimeter 
round pipe) 
= absolute roughness, ft 


= relative roughness, a number 


= bend loss factor, a number; does not include pipe friction; 
fraction of velocity head 
¢, = true bend loss factor, a number 
Rn and roughness factor, a number 
p = pressure, psi 
Ap = pressure loss, psi, for length / 


d 4Mvp 
Rn = Reynolds number ald oe == g 
ia 


r = radius of bend, ft 


In all cases the values of ¢ are for bend loss only. The pipe 
friction for the length /; of the fitting path is eliminated; this 
has been the customary method of handling. 
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Test Data 


Figs. 2 to 8, inclusive, show test data for short-radius (SR) 
screwed elbows. Test points have been omitted for all Freeman 
data as there are from 15 to 20 or more points for each, and the 
curves are simply replotted from the Freeman report (5). 

For all other investigators except Hofmann, the experiments 
were much less extensive, usually 2 or 4 points for each fitting. 
The scatter is so great as to render any combination of the curves 
on a single sheet too confusing to read. 

Figs. 9 and 10 show long-radius elbow tests (Freeman). Fig. 
11 shows SR tees, flow entering run, with the leaving end of the 
run both plugged and open. Plugging the run end of these tees 
shows a higher loss than when opening free into the pipe. Plug- 
ging.in. this case is-equivalent to converting the tee into a very 
rough miter bend, and is not a normal use of the tee. 

Fig. 12 shows three other sizes of SR tees and two sizes of long 
radius. Plugging in the case of the long-radius tees does not 
affect the turn loss, as there is a sufficient length of water between 
the turning point and the plug, and it behaves the same as if 
open to the line. 

Fig. 13 shows five sizes of short-radius tees, flow entering the 
branch, and one size of long-radius tee. 

An examination of these curves, Figs. 2 to 13, inclusive, dis- 
closes some facts likely to be of use in spite of bad scatter. 


1 Generally the curves show a decrease of ¢ with increase of 
Rn at the lower values of Rn, and are flat at higher values of Rn. 
One or two which show apparent increase of ¢ with Rn are for 
few test points and probably due, therefore, to experimental 
error. 

2 There is a definite reduction of ¢ with size at the same value 
of Rn. Since cast iron has the same absolute roughness for all 
sizes, this means that ¢ varies with relative roughness independ- 
ently of Rn. 

3 There appears to be no difference in ¢ for screwed and 
flanged fittings. 


From Figs. 1 and 2 we may infer that the variation of ¢ is 
rather similar to f for pipe flow; at low Rn values ¢ decreases with 
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increase of Rn and then becomes constant for further increase. 

In so far as can be determined from the relatively small amount 
of data and bad scatter, for the rougher surfaces (cast iron in small 
sizes), the value of ¢ becomes constant at about the same Rn as 
f in the Moody chart for pipe. In the smoother materials, ¢ 
becomes constant at lower values of Rn, than f. 

Fig. 14 shows the test results on bends, mostly steel pipe (7, 8, 9, 
11,12). In this figure are plotted some screwed and flanged (S and 
F) cast-iron ells; likewise some small aluminum tubing and 
Hofmann’s (6,10) two sets of tests on machined brass bends, both 
smooth and artificially roughened with sand and varnish coating. 
The scatter is again bad, but again there is a general decrease of ¢ 
with roughness. 

Fig. 15 shows test results on 3-in., 12-in., and 33-in. air duct. 
Even for 12-in, square, on which most of the data were taken, the 
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scatter is considerable as r/d increases; this could be expected, 
as the value of ¢ is a very small difference between two relatively 
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large values (total loss — pipe friction). 


Both Fig. 14 and Fig. 15 were plotted on data at the higher 
values of Rn, where ¢ had become substantially constant. In 
these curves, therefore, variation of Rn is eliminated, leaving 


only r/d and e/d variation. 


The foregoing figures comprise substantially all of the reliable 


data and we can attempt correlati 


on. 
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CORRELATION OF DaTA 


Fig. 16 shows the values of ¢ with size, for cast- 
iron, short-radius elbows, at Rn = 100,000; and Fig. 
17 the same, at Rn = 500,000. Fig. 18 shows the same 
for long-radius, cast-iron elbows at Rn = 500,000. 

These three curves show the nature of the ¢ variation 
with size in a single material, and, consequently, with 
relative roughness. The rest of the curves for tees, 
steel bends, and air ducts are not given, as the sample 
curves are enough to establish the nature of the varia- 
tion. Using the same plots for tests of SR tees, it was 
found that the average ¢ for flow entering the run, 
leaving the branch (same size) averaged 1.48 times that 
for the corresponding elbow. For flow entering the 
branch, leaving the run, 1.95 times that for the ell. Fac- 
tors of 1.50 and 2.00 seem satisfactory. The plugged 
short-radius-tee runs are disregarded as they uniformly 
show high values, and in any case, are not the normal 
use of the tee, practically converting it into a rough 
miter elbow. The value for long-radius tees is corre- 


spondingly 2.50 times that for short-radius elbows for both cases 
of flow entry through run and through branch. 


We may now, with the foregoing data, attempt to find some 


forma] relationship. 
Inspection of Figs. 14 and 15 shows quite plainly that there is 
the expected reduction of ¢ with increase of r/d; an obvious 


variation of ¢ with e/d; and since the values of ¢ are all high at 


low values of r/d, roughness alone cannot account for all the 


variation in ¢ and there is likely to be an underlying true bend 
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loss for dead smooth materials (which of course do not exist) that 
is dependent only on r/d. 


Trst PLots or VaRIouS MATERIALS 


The first move was to plot tests of each kind of material (same 
absolute roughness) on several kinds of co-ordinate paper to 
indicate trends. The plot chosen was relative roughness (e/d) 
versus ¢. The semilog plot proved the most useful as the inter- 
cept at e/d = 0 should be the approximate value of the dead 
smooth pipe-bend loss. These plots are not given since they are 
merely the working means of approximately the quantities we 
want. At this point it appeared that the total loss in an elbow or 
bend is likely made up of three elements: 


1 The ordinary pipe friction. 

2 A minimum true bend loss for dead smooth conduit, de- 
pending only on r/d. 

3 A turbulence loss due to the relative roughness of the pipe 
and affected by Reynolds number and roughness. 


Since we are dealing with ¢ in the more usual way, pipe friction 
for the fitting or bend is eliminated (calculated separately with 
the rest of the pipe friction), and we need only deal with the items 
2 and 3. 

From the ¢ versus e/d plots, it was found that the value of (1, 
the zero roughness loss, was between 0.40 and 0.50 at r/d = 0.58; 
and 0.02 to 0.09 for r/d = 1.78, except for some of the steel pipe 
bends which are higher. 

Using the range just given, the line for ¢ was drawn in Fig. 15, 
corresponding to the equation 


Pr 0106()/d) Se acute ee [6] 


This line shows a satisfactory slope referred to the test curves, 
and leads us to the next step. Subtracting the values of ¢ from 
the test value of ¢, yields f2, the roughness and Reynolds-number 
factor. 

Since in pipe friction f covers both Reynolds number and rough- 
ness, and since the value of ¢ seems to vary in much the same way 
as f, with Rn, it appeared that a good plot would be versus f. 


The value of f is taken for the fitting or bend roughness. The 
correlation was closest for 
ee Cane NO) EE cee o> Gene [7] 


Of course it must be admitted that other power correlations 
fit nearly as well, since the scatter of test points for ¢: is several 
hundred per cent. The correlation was tried for both ( and &% 
at powers of 2, 2.5, and 3. 

Comparing with other methods of estimating ¢, most of these 
have been based upon a straight velocity-head relationship, no 
variation with Rn or e/d. Examination of all the test data 
compels one to recognize that ¢ does vary with both Rn and é/d, 
the same as f, and not alone with (v?)/(2g). 

The Tentative Standards of the Hydraulic Institute, which are 
probably the latest collection of data from many sources, have 
been checked against this present formulation 


—2.5 
c=o+ & = 0.106 (=) + 2000 f25...... [3] 


For example, the range of values given in the Hydraulic In- 
stitute standards for short-radius screwed elbows corresponds to 
11/,in. to 6 in. by Equation [8]. For flanged short-radius elbows, 
the Hydraulic Institute range of values covers the 3-in. to 12-in. 
range by Equation [8]. 

The formulation also agrees well with the air-duct tests, but is 
considerably lower than the test data for steel bends, except for 
one case. There appears to be a reason: With the exception of 
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Freeman, Bridgeman, and Hofmann, most investigators took 
fitting or bend loss close to the fitting or bend. This procedure 
ean give erratic results, which are quite evident in Fig. 14. It is 
clear that the up and down variation with r/d is completely in- 
consistent for various sizes. It does not seem possible for the 
resistance of a bend, less the pipe friction, to increase to a higher 
value at r/d = 10 than at r/d = 1. The air-duct and smooth- 
tubing experiments do not show any such inconsistent behavior. 
One other point—the tests on steel bends are generally relatively 
old, made at a time when steel pipe was rolled considerably rougher 
than now; much of present production is from smooth rolled 
plate, or seamless. The greater roughness undoubtedly raised 
the ¢-values. Moreover, in some cases, cast-iron bends were in- 
cluded with steel, of course raising the averaged results. 

The Hofmann tests on a surface as rough as cast iron bear out 
this view. It seems quite unreasonable to suppose that cast-iron 
fittings, both short and long radius, should be considerably below 
steel, a smoother material. The author has given the most weight 
to Freeman’s work, after that to Hofmann’s, and the investiga- 
tors of air-duct bends. These are much more consistent between 
different experimenters than the steel-pipe tests. The formula- 
tion also yields results agreeing quite well with the drawn alumi- 
num-tube tests by CRC (Bridgeman) and fairly well with Hof- 
mann’s smooth-tube data. However, the latter gives values for 
¢ below the true bend loss at values of r/d from 0.5 to 1.0; and 
higher than Bridgeman at valués of r/d greater than 1.0. 


PREsENT-Day STEEL-PIPE VALUES 


Therefore it would seem reasonable to assume, since Equation 
[8] gives results in good agreement with tests on the roughest 
material, cast iron, and with the smoothest materials, drawn tube 
and air duct, that the values calculated from Equation [8] for 
present-day steel pipe are probably nearer the truth than the 
older steel-pipe tests on a material definitely rougher than now 
and including some cast iron. This formulation attempts a con- 
sistent, rationalized expression for ¢ to overcome the rather hap- 
hazard and wholly unrelated values hitherto used. This formula- 
tion is thought to be justified by the following: 


1 ¢ has hitherto been treated as corresponding to velocity 
head and r/d only. Tests show (particularly the more recent 
work) a definite variation of ¢ with Rn and e/d. 

2 The use of a formulation covering Rn, ¢/d and r/d renders 
results consistent and eliminates the use of range of values, to be 
selected on judgment alone. 

3 The older simple method of equivalent pipe-loss computa- 
tion may be developed safely. 


Referring to item 3, it becomes clear that since {, involving f, 
is always a substantial fraction of ¢, the old method of representing 
fitting and bend loss by length of equivalent pipe is not only likely 
to give good accuracy, but eliminates all the work of calculating 
the power formula, Equation [8], if tables are set up. The 
friction loss for equivalent length of pipe is 


1 
Ap, = (0.000108 pv?) a Dei Mng Re SM ts [9] 

The bend loss, not including pipe friction, is 
Apii= 1 0,000108/p02)aue ace, eee [10] 


Therefore the value of ¢ in terms of feet of pipe of the same 
roughness is 


The calculated values of ¢ for cast-iron elbows are given in 
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Fig. 19. Those for drawn tubing, steel pipe, and galvanized- 
sheet air duct are given in Fig. 20. Table 2 gives the calculated 
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6 
8 
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1 .788 
1-1/2 ~752 
2 .726 
2-1/2 +706 
3 697 
4 .686 
6 +668 
8 659 
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12 649 
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TABLE 2 CALCULATED ¢ 


Tr 
£ = 0.106 q 
C.1. Pipe 
: kisleaey r 
za? 0.58 z= 1 x 
1.158 850 
1.002 694 
844 536 
«754 2446 
678 370 
633 2325 
575 267 
550 242 
528 2220 
521 Ayal) 
2483 oL75 
+469 161 
Steal 
644 336 
603 295 
567 259 
541 2235 
2521 2213 
512 204 
507 193 
2483 175 
0474 - 166 
2467 «159 
466 156 
457 149 
2453 145 
2449 141 
Air Duct 
479 e172 
461 153 
449 141 
442 134 


+090 
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calculated values were checked for lower Rn values. 
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values by Equation [8], from 
which these curves were 
plotted. 

Applying Equation [11] to 
this table gives the equivalent 
feet of pipe; but we use both 


OA laweucr cast-iron and steel pipe with 
Woe cast-iron and steel fittings, and 
Te aaa brass pipe with cast-brass fit- 
er 8 tings. Therefore we need three 
‘se sections, for the three line ma- 
reg 3 terials, using the f for maximum 
PI" ies. design flow for cast-iron, steel, 
Lis and drawn tube for the three 
3 3" cases. The values are given in 
Le ; Table 3. For bends, the bend 
id and the line materia] will be 
2" the same. Table 4 gives the 
nae equivalent pipe length; since 
galvanized air duct is near to 
Rn= 83,300 drawn tube in roughness, the 
PER IN. DIA. 


equivalent lengths come out 
so nearly alike that they could 


be combined in one set of fig- 


ures, 


All of these tables have 


been based on the values of ¢ 
after Rn was great enough to 
become constant, and this is near enough to the usual design 
maximum flow to be satisfactory. To make sure of the values 
of ¢ at lower flows, in which we are occasionally interested, the 


Since they 


are affected by f, they follow the test curves, Figs. 2 to 15, quite 
reasonably. 
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TABLE 3 EQUIVALENT FEET OF STRAIGHT PIPE 


Cast 90-deg Elbows 
CAST 90 DEG. ELBONS 


4 C.1. Pipe 


r rel. re. 

re 0.58 5 1.78 5 0.58 
1.8 1.2 2.8 
2.2 1b 305 
2.7 1.5 3.6 
352 1.7 L.9 
4.2 2.0 6.2 
5.1 2.2 7.6 
6.1 2.5 8.8 
8.1 2.9 11.5 
12.4 3.8 17 
17 u.7 23 
22 5.6 30 
27 6.4 37 
58 11.1 
93 16 


Steel Pipe 


its 
3 1.78 
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Brass Pipe 
=P 1L.t8 
A 7 


ret Oe 
i 0.58 


TABLE 4 EQUIVALENT FEET OF STRAIGHT PIPE 


90-deg Bends 


Brass Tub, & Pipe, Sheet Steel Ducts 
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117 2k 8.0 h.8 


r = cr . 

a a) a 1 
2.0 81 
2.8 1.0 
3.6 1.2 
4.3 1.u 
6.0 1.9 
7.6 2.3 
93 2.7 
13 3.5 
20 See 
29 71 
37 8.9 
ué ll 
6 15 
82 18 
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CoNCLUSIONS 


It has been believed generally that screwed fittings of given 
r/d offered higher resistance than the corresponding flanged 
fittings. The test evidence, mostly Freeman, does not support 
this view. The reason is that all the screwed fittings average 
approximately 12 to 15 per cent larger diameter of body than the 
inside pipe diameter; this circumstance lowers the turbulence 
effects sufficiently to offset the loss due to enlargement of sec- 
tion leaving the pipe at entry of the fitting, and the subsequent 
contraction at exit from the fitting to the line again. 

This formulation (Equation [8]), cannot of course be con- 
sidered final, and it must be admitted it takes an optimist to take 
the necessary risks with such scattering data. 

With regard to gate and globe valves, check valves, unions and 
couplings, it is thought that skin friction has little part, and that 
the sharp turns, changes of section, contractions and expansions 
are the principal cause of loss. Therefore in these cases ¢ can be 
treated as largely varying with velocity head only. 
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Discussion 


S. Logan Kerr.* The author has demonstrated in a very inter- 
esting manner the application of the friction-flow theory for pipe 
lines to the determination of losses in fittings, tubes, and pipes. 
The comparisons between the various theories are most interest- 
ing and confirm the contributions which Prof. Lewis F. Moody 
made in 1944. 

The validity of experimental work in the field of pressure losses 
in pipes, valves, and fittings is dependent entirely on the meth- 
ods that are used for measuring pressures and flow. It is well 
known that pressure taps immediately downstream from ob- 
structions to flow do not give an accurate indication of the head 
loss. It is necessary to have a series of piezometers above and 
below the valve or fitting to be investigated, establish from them 
the normal slope of the pressure loss versus length in straight 
pipe, then project these lines to the upstream and downstream 
limits of the fitting or valve, and measure the difference between 


3 Consulting Engineer, Philadelphia, Pa. Mem. ASME. 
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them in this manner. These multiple piezometers should be lo- 
cated over a distance of not less than 5 diam upstream and down- 
stream from the valve under test. In some cases, 10 to 15 diam 
will be necessary in order to develop a uniform straight line of 
pipe loss with respect to length of pipe. 

The use of multiple piezometers also aids in detecting errors 
due to the improper design of piezometers and of their position 
with respect to the pipe wall which may affect the readings. 

There is some question as to the practice of reporting losses 
through valves and fittings, and it is important that an accurate 
definition of gross loss and net loss be included in any test reports 
or studies of friction loss through valves and fittings. 

It is the practice of certain manufacturers of valves and fittings 
to deduct from the gross pressure drop the amount of friction 
that would occur in a straight piece of pipe of the same length as 
the face-to-face dimensions of the valve or fitting. This gives a 
net pressure loss over and above that in straight pipe. On large 
valves with high velocities through them, it is essential that a care- 
ful designation be made as to whether or not the equivalent 
straight-pipe loss has been deducted, or whether the loss as re- 
ported is for the valve itself without adjustment. 

The condition of flow entering the test section is also of great. 
importance, as whirling or eddying of the fluid will affect the pie- 
zometer readings. It has been found frequently in larger conduits 
that the presence of a bend or transition section ahead of the 
test section will distort the results and make them meaningless. 
It has also been found that repeat runs at the same velocities will 
not check each other, due to a so-called ‘rolling-flow” condition 
which is not identical in the two series of observations. 

Mr. Floyd Nagler reported a number of tests made at the Univ- 
ersity of lowa on large rectangular conduits with 90 and 180-deg 
bends. The variation of test results from one run to another in- 
dicated a rolling flow, and visual observations made of the flow 
pattern showed this very clearly. The roughness factor also must 
be considered in proportion to the size of the conduit. In ana- 
lyzing the results of pressure-loss investigations, it is essential to 
have full data on this factor. 


F. M. Van Deventer.‘ In the author’s 1933 paper® he pre- 
sented the friction-factor relationship using straight lines. The 
writer is one of the multitude who accepted and used that paper 
for precise calculations. 

The use of that chart involved a supplementary table of pipe 
sizes and roughness values. That combination of chart and table 
did not permit smooth interpolation since any reading was taken 
from one or another of the 18 lines. Thus a comparison of two 
successive pipe sizes could be quite misleading. 

The writer prepared a chart using Pigott’s basic data, but with 
scales appended for steel, cast iron, and drawn tubes. Thus, for 
most problems, reference to a supplementary table was avoided 
and smooth interpolation obtained. That chart was published 
in the general catalog 1937, 1942, and 1947 editions of the writer’s 
company. 

As the author has reported, Professor Moody, in his 1944 pa- 
per,® faired the curves in accordance with the Colebrook equa- 
tion. He also spaced the plotted lines to correspond to preferred 
values of relative roughness «/D, and appended a chart from which 
values of e/D are obtained for known diameter and roughness. 

Smith and Shebeko, in designing the ‘“‘Polyflo” computer, also 
used the Colebrook data. 

The author’s present contribution likewise embraces the Cole- 
brook principle and, therefore, yields results commensurate with 


4 Assistant Chief Engineer, Walworth Company, Inc., New York, 
N. Y. Mem. ASME. 

5 Refer to author’s bibliography (2). 

6 Refer to author’s bibliography (3). 
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Moody’s. He has adopted «/D in plotting, but again uses a supple- In the several graphs, only upper and lower limits are plotted. 


mentary table from which values of e/D are obtained. 

The writer’s Fig. 21 is a revision of his 1937 edition, using the 
Moody and Pigott faired curves. Again, scales are provided di- 
rectly on the chart for steel, cast iron, and drawn tubes. A fourth 
scale of «/d values permits solutions involving other materials, 
provided the absolute roughness is known. Thus reference to 
supplementary tables or charts is avoided. The use of a uni- 
formly spaced grid also facilitates following the guide lines with a 
minimum of confusion. 

The following statement from the paper requires clarification: 
‘« .. within the ordinary design range, the values of the author’s 
1933 plot and Professor Moody’s 1944 improved plot do not differ 
over +2.5 per cent...’”’ At Reynoldsnumbersin the range 100,000 
to 1,000,000, the old and new plots cross. At lower Fn, the old 
values were high, and at higher Rn, the old values become in- 
creasingly deficient, e.g., at Rn = 40,000,000, the old values 
were 50 and 40 per cent low for !/2-in. and 2-in. steel, respectively. 
The author implies that this is not in the “ordinary design range.” 
Albeit, the writer is presently concerned with design problems 
running the gamut of Reynolds numbers from 500 to 50,000,000. 
Oil transport lines operate in the 40,000 to 200,000 range, natural- 
gas transport lines 1,000,000 to 20,000,000, and flow channels 
feeding supersonic wind tunnels and jet-propulsion devices may 
exceed 50,000,000. The sooner the author’s 1933, and the writer’s 
1937 friction-factor charts are definitely replaced by the more ac- 
curate Moody 1944,—Pigott and Van Deventer 1949 versions— 
the better. 

The author has presented in Figs. 2 to 12, graphs for pipe fit- 
tings plotting lambda versus Rn. This nomenclature (lambda) 
has been used by foreign writers, while most American authors 
have used K. Either lambda or K is the number of velocity 
heads lost, or the coefficient K in the formula 


Lappin ig! 


This is not made clear in the paper, though loosely implied in the 
explanation of symbols. 


One must still use judgment in selecting a datum between these 
limits. Such being the case, the same end is attained by tabulat- 
ing the high and low values as has been done by other authors. 
To facilitate the use of lambda or K values the writer offers 
the following formulas for the evaluation of velocity pressure 


Fitting turbulence loss, psi = K X VP......... [12] 
——2 
Saks 0.00116 Ge 
VP for any liquid = <_ So [13] 
——2 
OOOLIS << cin GG XZ, T 
VP for any gas = : sa i | 
vt PX ds “S520 i eal 
2 
0.28 < 10-* 
VP for steam = & 2 DOP wl oly [15] 
where 
psi = loss, psi 
K = fitting factor, or number of velocity heads lost 
VP = velocity pressure, psi 
gpm = gallons per minute 
cfm = cubic feet per minute measured under standard condi- 
tion, 14.7 psia and 60 F 
lb/hr = pounds per hour, for steam 
d = inside diameter, in. 
G, = specific gravity relative to water 
G, = specific gravity relative to air 
P = absolute pressure of flowing gas, psia 
Z = compressibility factor, if gas deviates from Boyles law 
V = specific volume of steam, cu ft per lb 


The only objection to the use of the D’Arcy formula is that it is 
slower and more cumbersome than most of the less precise empiri- 
cal formulas for specific fluids. It is necessary to obtain from 
tables, viscosity and density data for the fluid in question. Then 
two separate solutions must be accomplished: First for Reynolds 
number, then the basic flow formula. In the interest of time-sav- 
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ing and facility, several forms of special slide rules or “mechanical 
brains” have been devised. Some of these are eminently satis- 
factory. The Polyflo type, for example, is based upon a modifica- 
tion of the D’Arcy formula and yields compatible results. Fric- 
tion factor is easily compensated for correct «/d. Gage points 
are provided covering almost any fluid met in general engineer- 
ing practice; hence reference to viscosity tables is unnecessary. 
The writer, after extended use of this device, recommends it as a 
general purpose, time-saving tool. 


AUvUTHOR’sS CLOSURE 


The author is glad to get Mr. Kerr’s support of the idea that 
for testing of hydraulic elements such as fittings, bends, and 
valves, great care must be used in placing and instrumenting 
the readings. It must be admitted that much of the early test 
data lacks a perception of some of these conditions and therefore 
has added to the difficulties by giving greater scatter to the results. 

In preparing this paper the author was preoccupied chiefly 
with the task of the ordinary designer of a power or industrial 
plant where the relatively smaller sizes of materials are much in 
use. In the line in which Mr. Kerr is most interested, the sub- 
ject covers, as a general rule, by far the largest sizes of piping with 
which we are concerned and it is readily agreed both that irregu- 
larities of flow, such as rolling flow, and other velocity distor- 
tions may take a more prominent part than they are likely to do 
in smaller sizes. The reason is that we are generally dealing 
with water (low viscosity) and, in these large sizes, cast iron and 
concrete have very low relative roughness, and therefore 
the irregularity of the flow plays a considerably greater part. 
Almost the only man who widely investigated the difference be- 
tween close-coupled and spread-fitting configurations was John 
Freeman and there was no consistency even in his results. 

The author feels sure that there are some deviations from aver- 
age results even in the smaller size of piping which can be pro- 
duced by piping configuration, such as, for example, two short- 
radius elbows in planes at right angles to each other. We have 
not enough data to decide upon what increase of loss would occur 
from such an arrangement, nor indeed do we know how it might 
vary with Reynolds number or roughness. It is quite agreed 
that since the pipe loss per foot of length is small, fitting and bend 
losses will vary more in the large-sized equipment used in hy- 
draulic plants. The present information we have on valves 
is relatively unsafe for the large valves used in such plants, par- 
ticularly where the valves are of special design to reduce loss, for 
example, the Johnson valve. 
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Referring to Mr. Van Deventer’s discussion, in the author, 
original 1933 paper? the roughness table was prepared from a 
chart of exactly the same nature as Professor Moody’s in his 
1944 paper (see Fig. 2 of 1933 paper), but both in his own plots 
as well as Professor Moody’s it was found that many kinds of 
pipe have a range of values which overlap each other and it gets 
quite confusing to read the chart without error. It should be 
borne in mind also that the author spent little time in making con- 
venient charts, but only in getting one idea across, i.e., that the 
loss in bends and fittings is, in general, not proportional to V?/2g 
only, but is affected by Reynolds number, roughness, and a true 
bend loss; therefore equivalent length of pipe turns out to be 
both convenient and more accurate. It is felt that it was wiser 
in a paper such as this to keep the matter purely on the basis of 
the original argument and to take up the question of plotting for 
greater convenience separately. The author feels that Mr. 
Van Deventer’s form of plot is going to be very useful. 

With regard to his comment on the “‘ordinary design range,” 
it should be borne in mind again that this paper is in terms of de- 
signing so far commonly done in power plants and industrial 
plants in which the design habits that have been used are some- 
thing around 80,000-85,000 Rx per in. diam and this applies 
pretty well both for air and gas, or liquids. In the example 
which Mr. Van Deventer gave at the meeting, using, if recollec- 
tion is right, 2 in. pipe on gas, he was dealing with velocity rather 
close to the acoustic and this is certainly not yet ordinary design. 
Of course it is true that in the near future, with our ideas opened 
up during the war period, we may be changing design ranges very 
considerably. 

The author is thankful for the comments by Mr. Kerr and Mr. 
Van Deventer and wants to reiterate his statement that this was 
a first crack at the subject. He feels that the values given are not 
the final ones because there is certainly need of a great deal more 
testing of elbows and bends than we have had hitherto. It is 
felt, however, that the use of this method of approach tends to 
reduce the amount of judgment required of the designer in se- 
lecting the values of ¢ for any given circumstance. There is not 
much to be gained by carefully selecting a value by judgment 
when the variation between tests is in some cases greater than 
the whole range over which judgment is to be exercised. The 
writer believes he would rather use a curve which automatically 
gives better probability in accuracy from a single value. 


7“Flow of Fluids in Closed Conduits,” by R. J. S. Pigott, 
Mechanical Engineering, vol. 55, 1933, p. 497. 


Attenuation of Oscillatory Pressures 


in Instrument Lines 


By A. S. IBERALL,? WASHINGTON, D. C. 


A theoretical investigation has been made of the attenu- 
ation and lag of an oscillatory pressure variation applied to 
one end of a tube, when the other end is connected to a 
pressure-sensitive element. An elementary theory based 
upon incompressible viscous fluid is first developed. The 
elementary solution is then modified to take into account 
compressibility; finite-pressure amplitudes; appreciable 
fluid acceleration; and finite length of tubing (end effects). 
Account is taken of heat transfer into the tube. The 
complete theory is derived in an appendix.’ The results 
are summarized in eight graphs in a form convenient 
for use in computing the lag and attenuation of a sinu- 
soidal oscillation in a transmission tube. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= tube area 

= velocity of sound 

= inside diameter of tube 

= elastic modulus 

= tube length 

= mass flow 

= volumetric flow 

= absolute temperature 

instrument volume 

= compressibility factor for liquid 

= any arbitrary constant 

= compressibility of a liquid 

= exponent of “polytropic”’ expansion in instrument volume 
= exponent of polytropic expansion in tube 
= pressure 

= tube-wall thickness 

= time 

= axial distance along tube 

= dimensionless parameter of fluid regime 
= ratio of specific heats 

= phase angle 

= density ratio 

= time constant 

= fluid viscosity 

= kinematic viscosity 

= fractional pressure excess 

= fluid density 
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1 This work was supported by the Office of Naval Research under a 
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2 Physicist, Mechanical Instruments Section, National Bureau of 
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3This paper with a mathematical appendix is also to be published 
in the Journal of Research of the National Bureau of Standards, 
Washington, D.C. 
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St. Louis, Mo. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 49—IIRD-5. 


x = attenuation factor » = angular frequency 


INTRODUCTION 


In many industrial processes it is necessary to know or to 
utilize the pressure at gne or more points in a fluid conduit. It is 
not always possible tcyernnect an instrument directly into the 
conduit at those pointy cynstead, recourse must be had to remote 
indication or control.#-_ °° the case that a fluid is used for trans- 
mitting the pressure, It is often of interest to the designer or user 
of such systems to know their response to variations in pressure. 
At the present time, the only solution easily available to the en- 
gineer is generally based on an elementary theory which con- 
siders the system as equivalent to an R-C electrical network.4 
The main defect of the theory is that it does not provide criteria 
for the limits of its applicability. 

In the present paper a relatively complete treatment is given 
for the transmission of oscillatory pressures in tubing. Primary 
consideration is given to simplifying the design of high-quality 
transmission systems for relatively low frequencies. 

The elementary solution is derived, and then extended to apply 
for oscillatory pressures that are an appreciable fraction of the 
absolute mean pressure, for appreciable frequencies of oscillation, 
and for tubing short enough to require end corrections. The 
effect of heat transfer in modifying the oscillatory response of the 
tube is also discussed. 

The chief utility of knowing these corrections is that it permits 
the designer to choose the size of tubing for specific applications 
with greater confidence than can otherwise be generally done. 

In this paper the elementary theory of transmission lags is de- 
veloped, and the corrections are discussed. The complete theory 
is presented in graphical form for the convenience of the designer. 
A number of examples of the use of the design charts are also 
given. AJ] mathematical symbols used in this paper are defined in 
the nomenclature, and also when they are first used. 

The theory is developed and more exact results are given in a 
mathematical appendix,* here omitted but included in the com- 
plete paper. 


ELEMENTARY THEORY 


Fig. 1 is a schematic drawing of the system that will be dis- 


P=p,t ap sin wt 


ScHEMATIC DIAGRAM or A FLUID TRANSMISSION SYSTEM 
(1, conduit. 2, transmission tube. 3, pressure instrument.) 


rey 


cussed throughout the paper. 
from a conduit to a pressure-sensitive instrument. 


A tube transmits fluid pressure 
The conduit 


4“Pressure Drop in Tubing in Aircraft Instrument Installations,” 
by W. A. Wildhack, NACA Technical Note 593, 1937. 
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applies an oscillatory (sinusoidal) pressure to the entrance of the 
transmission tube. The tube, which transmits the pressure, is 
characterized by a constant cross-sectional area, and its length. 
The pressure-sensitive instrument, which receives the pressure, is 
characterized by its enclosed volume. It is assumed that if the 
walls enclosing the instrument volume are flexible (either elastic 
or pistonlike), the enclosed volume can be replaced by a larger 
equivalent rigid volume that will store the same mass of fluid per 
unit pressure change. It is further assumed that the pressure- 
sensitive instrument will be so chosen that its indication is inde- 
pendent of the frequency of expected pressure oscillations. 

In deriving the elementary theory, it is assumed that Poi- 
seuille’s law of viscous resistance holds at each point in the tube; 
that the fluid is incompressible in the tube; that the sinusoidal 
pressure oscillations at the beginning of at > tube are of small am- 
plitude compared to the mean absolute *..ysure; and that, if the 
fluid is a gas, it expands and contracts iseSermally in the instru- 
ment volume. 

The same assumptions applied to an incompressible fluid (e.g., a 
liquid) lead to the conclusion that there is no loss in amplitude or 
lag in a liquid-filled system, since a liquid would not expand or 
contract in the instrument volume. 

We may write 


Op 128 yo 
= = Aoi oe ere ee [1] 
On a D4 
for Poiseuille’s law, and 
oM 0) 
SE ee en [2] 
Ox ot 
for the equation of continuity. Here 
p = instantaneous pressure at any point in tube 
x = distance along tube measured from its entrance 
Ho = mean fluid viscosity 
D = tube diameter 
Q = volumetric flow at any point in tube 
p = instantaneous density at any point in tube 
M = the mass flow at any point in tube 
A = cross-sectional area of tube 
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We infer from the equation of continuity and the assumption 
that the fluid is incompressible in the tube, (i.e., 0p/d¢ = 0) that 
the mass flow, and, therefore, the volumetric flow does not vary 
along the tube, but at most varies only with time (the fluid 
motion is pistonlike). 

By differentiating Equation [1], we then obtain 


O*p 
a SO ee ge ee eee 3 
On 3] 
along the tube. 
Our boundary conditions are that at z = 0 
Dp = "pe + Apel teen 2. See 14) 


a sinusoidal pressure variation about the mean pressure, and that 
ata = LE 
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The first line of Equation [5] expresses the rate at which a com- 
pressible fluid entering a rigid volume builds up pressure, while 
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the second line of Equation [5] states that the flow into the vol- 
ume is limited by the pressure gradient at the end of the tube. 
Here 


po = mean pressure at entrance 

Ap = amplitude of pressure oscillation applied at conduit 
V = instrument volume 
w = angular frequency of pressure oscillation 


L = length of tube 


It is convenient to introduce a new variable & the fractional 
pressure excess, defined as 


ee ig mca eae ee eee 7 
— [7] 
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Here 
& = fractional pressure excess 
f = amplitude of fractional pressure excess at origin (= 
Ap/po) 
ho = time constant of system 


It is of further convenience to separate the pressure excess into 
a part that varies with x and one that varies with t. 
Let 


where é is the maximum amplitude of the pressure excess at any 
point of the tube. 
Our equations then become 


ees. 
dg? 7 Ov otter [12] 
my fe <= (0) 
& —— & @ els. (w Opi iel ons) jh = intin dan al ces Win Comey [13] 
and laters) 
dé _ hw 
; L PERLE Er [14] 


The solution of Equation [12] which satisfies Equations [13] 
and [14]is 


1 + row? 


The ratio of the amplitude of the pressure excess at the end of 
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the tube to that at the beginning of the tube is then given by 
es 1 | 


to Say 


ee ee a [16] 
1 
1 + Xo) 
where 
Ra NOCS ee er 5, 3 [17] 
Here 
z , = Maximum amplitude of pressure excess at instrument 


volume 


X) = attenuation factor 


The real part of Equation [16] is the attenuation in amplitude 
of the pressure excess, while the imaginary part is the phase lag, 
or 


Side yun 
RS SUR eae re [18] 
tan do = x, J 


where 60 is the lagging phase angle. 

We will regard Equation [18] as the elementary solution of our 
problem. 

It indicates that a transmission system is characterized by a 
time constant \o, which can be computed from a knowledge of the 
dimensions of the tube, the effective internal volume of the end 
device, and the average conditions of the gas in the tube; and an 
attenuation factor xo, for each angular frequency, from which one 
can compute the attenuation and phase lag in a tube. The tube 
dimensions and the instrument volume furnish the analog to the 
resistance and capacitance of an electrical network. ' 

In principle, although difficult in practice, from a knowledge of 
the response to a sine wave, one can obtain the response to square 
waves, step functions, etc., by Fourier analysis. 


DISCUSSION OF CORRECTIONS 


The assumptions made in the elementary theory are restrictive, 
and in the appendix’ these are modified, one at a time, until 
finally we arrive at a complete solution that accurately takes into 
account all first-order phenomena, and partially takes into ac- 
count second-order phenomena. Complete results are presented 
in convenient graphical form in Figs. 2 to 9, inclusive. 

The factors that must be taken into account are as follows: 


Compressible Flow in Tube. The effect of fluid compressibility is 
to introduce a time constant and corresponding attenuation fac- 
tor (Ar, xr) depending on the tube volume in addition to the ones 
depending on the instrument volume. (The time constant and 
attenuation factor depending upon the instrument volume will be 
referred to as \; and x, henceforth instead of \o and Xo.) In terms 
of the electrical analog, the tube volume represents a distributed 
capacitance in addition to the equivalent capacitance of the in- 
strument volume. 

Finite Pressure Excess. The effect of the application of a finite 
pressure excess to a compressible fluid in a transmission tube is to 
introduce harmonic distortion and to modify the mean pressure. 
However, the attenuation of the fundamental is essentially in- 
dependent of the magnitude of the pressure excess. The per- 
centage of distortion is approximately proportional to the applied 
pressure excess. 

Fluid Acceleration. The effect of fluid inertia is to modify the 
time constants of the system. Both the attenuation of the funda- 
mental and the magnitude of harmonic distortion are affected. A 
dimensionless parameter 2, analogous to the Q of an electrical sys- 
tem, characterizes the fluid regime and determines whether fluid 
inertia may or may not be neglected. 


When fluid inertia is negligible, a transmission tube acts like a 
highly damped system; when fluid inertia is large, a transmission 
tube acts like an undamped system, and elementary acoustic 
theory is applicable. 

Finite Length of Tubing. The effect of fluid acceleration at the 
ends of the tube results in further distortion of wave form, which 
must be taken into account in short tubes. . 

Heat Conduction. If there were no heat transfer from outside 
the tube to inside, the oscillatory processes would take place 
adiabatically; if there were perfect heat transfer into and through 
the tube, the processes would take place isothermally. The effect 
of finite heat conduction is to make the real process occur in be- 
tween these extremes, although in a rather complicated fashion. 
At low frequencies the process may be regarded as isothermal. 

Although an exact result is given in the appendix,’ it is ad- 
vantageous to utilize the thermodynamic equation of condition, 
discussed in the following section, for elucidating the problem of 
attenuation in tubing. 


THERMODYNAMIC HQUATION OF CONDITION 


In the case of an oscillatory variation of fluid flow, the equation 
relating the thermodynamic parameters of the fluid lies between 
the adiabatic and the isothermal equations of condition. For 
high frequencies, as in sound waves, it is well known that the 
adiabatic equation holds. However, for viscously damped mo- 
tion, the adiabatic relation is not, in general, attained. 

For a gas, we assume and justify in the appendix® that the 
processes can be described as ‘‘polytropic,”’ that is, characterized 


by a constant exponent n, in the expression 


a=) Coe 


(LARrie=y nan vista cbeket [19] 
with 
1S |n| S 
where 
n = exponent of polytropic expansion in tube 
y = ratio of specific heats 


n = density ratio (o/po) 
po = average density in tube 
c indicates any constant 


The viscosity of gases is independent of the pressure, and, as an 
approximation, proportional to the absolute temperature. (The 
more rigorous approximation is that the viscosity is proportional 
to (T)'/7/(1 + c/T), but over a small range this can be approxi- 
mated by the temperature to a power close to 1. For example, for 
air at room temperature, a power of 0.8 fits experimental data 


quite well. The difference from unity is unimportant for our 
purpose.) 
Therefore 
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follows from the gas laws and Equation [19]. Here 


ll 


instantaneous fluid viscosity 
absolute temperature 


av 

Di 

Equations [19] and [20] thus express the variation of viscosity, 
density, and pressure, respectively, in a polytropic process in a 
gas. At low frequencies, the polytropic exponent may be re- 
garded as equal to unity. 
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For liquids, we assume that the equation of condition in a 
polytropic process is given by 


De S800 HEA CD ares sc oss oe A sacs [21] 


where 


For liquids, however, 7 lies so close to unity that we may satis- 
factorily assume n = 1. 
Equation [21] can then be written in the form 


where 
b = compressibility factor (=kopo) 
ky = liquid compressibility at average conditions in tube 


The variation in viscosity of a liquid over a small range of tem- 
perature can be neglected, so that in a polytropic process 


Actually, the implication in Equations [22] and [23] is that in a 
liquid-filled transmission line, the effect of conditions appreciably 
different from isothermal is negligible. 

It is also necessary to take into account heat exchange at the in- 
strument. 

For an isothermal process with a gas in the instrument volume, 
we previously assumed that 


represents the influx of fluid. If, instead, we assume a poly- 
tropic process in the instrument, characterized by an exponent 
m (the heat exchange may differ in the tube and instrument vol- 
ume so that m is not necessarily equal to n), then Equation [5] 
should be modified to 
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in the case of liquids. 

If the fluid is regarded as a spring, the exponent of the poly- 
tropic process for a gas, or the small compressibility of a liquid 
may be viewed as quantities which make the fluid spring stiffer in 
the case of gases, or almost infinitely stiff in the case of liquids. 
It is shown in the appendix? that these polytropic exponents 
modify the time constants of the tube and volume. 


Genera Procepurs, WITH Eixamp.es, ror Computine TRANS- 
MITTED PRESSURE 


The computation of the attenuation and phase lag at one end of 
a transmission tube of a sinusoidal pressure variation imposed at 
the other end can be carried out with the aid of Figs. 2 to 9. 
These figures are based upon the theory largely developed in the 
appendix. The computations are made primarily for the attenua- 
tion at the fundamental frequency. An estimate of the distortion 
arising from finite input amplitudes with high damping is made 
in the appendix.* The computation for the first harmonic in the 
distorted output can be made with the aid of Figs. 8 and 9. An 


693 
outline of procedure for making computations follows: 
1 Compute 
D? 9 [26] 
Be ee eee Oo trot rere snietenot eke 
4 Vo 


a dimensionless parameter of the fluid regime which character- 
izes the amount of damping present. When this parameter is 
less than one (large damping), use Figs. 2 and 3; when greater 
than 100 (small damping), use Figs. 6 and 7. For intermediate 
values of this parameter, use Figs. 4 and 5 as an aid to inter- 
polation. 


2 Compute the attenuation factors 
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for a liquid. These quantities X70 and Xz are factors based on the 
tube volume and instrument volume, respectively. The zero sub- 
script means that they are values for the case of large damping. 


3 Compute the input pressure excess 


4(a) For values of z less than 1, enter Fig. 2 with Xz» and 


X10/X7o to find the amplitude ratio | é Beh Enle and enter Fig. 3 to 


find the lagging phase angle (4o)o. 
4(b) The output pressure excess is then computed from 


tor 


£ Io 


5(a) For values of z greater than 100, compute 
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For liquids, assume Y = I. 

The quantities x; and X7 are the attenuation factors for the case 
of low damping. With low damping, it is convenient to use the 
dimensionless parameter wl/C which is proportional to fre- 
quency, as the independent variable. The quantity C represents 
the velocity of sound. 

5(b) Enter Fig. 6 with wL/C and xr/Xxz to find the amplitude 
ratio | Eo,/ t)| and enter Fig. 7 to find the lagging phase angle 6p. 
It is necessary to estimate the phase angle by interpolation. For 
very small values of Xro compared to 1, the lagging phase angle is 
zero up to the first resonance. In Fig. 7 curves have been pre- 
sented to indicate the phase angle for (YX70/16) v2 = 0 and 
(YxX7r0/16) 1/2 = 1, One may linearly interpolate for values lying 


between 0 and 1. 
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6(a) For values of z lying between 1 and 100, one may inter- 
polate between the values of amplitude ratio and lagging phase 
angle obtained in step 4(a) and those obtained in step 5(b) by the 
use of Figs. 4and 5. Enter Figs. 4 and 5, with xro and x10/X70 to 
find the amplitude ratio | Eo,/%o| and lagging phase angle 50. 
These are the values for z = 6.25. In order to interpolate, plot a 
logarithmic graph with z as abscissa and the amplitude ratio or 
phase angle as ordinate. Plot the values from step 4(a) at z = 1, 
from step 6(a) at z = 6.25, and from step 5(b) at z = 100, draw a 
curve through these three points, and interpolate on this curve for 
the intermediate value of z. 


CoMPUTATION OF DouUBLE-FREQUENCY DISTORTION 


This computation represents only an estimate of the double- 
frequency distortion, and is strictly only valid for values of z less 
than 1. 

Compute X70 and Xi0/Xr. Enter Figs. 8 and 9 to obtain the 
relative amplitude ratio | £11/£0|o/g and leading phase angle (61)o 
for the double-frequency wave. The leading phase angle is 
measured on the time scale of the fundamental where the input 
is a cosine term. 

Compute the pressure excess of the double frequency | Eaz|o 


from 
t a a 1 | £2 
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Compute the mean pressure at the instrument volume which 
is larger than the mean pressure at the tube entrance by Ap 


(1 — | €or/to|0*) /4. 


The various quantities in this section are defined as follows: 


wo = mean fluid viscosity 
vo = mean kinematic viscosity 
po = mean fluid pressure 
Pq = ambient pressure external to tube 
Ap = amplitude of applied sinusoidal pressure 
£, = applied fractional pressure excess 
to, = pressure excess of fundamental at instrument volume 
£,, = pressure excess of double frequency at instrument volume 
69 = lagging phase angle of fundamental at instrument vol- 
ume 
6: = leading phase angle of double frequency at instrument 
volume 
ko = mean fluid compressibility 
V = equivalent’ rigid internal volume of instrument 
A = internal cross section of tube 
D = internal diameter of tube 
s = wall thickness of tube (assumed small compared to 
diameter) 
E = elastic modulus of tube material 
L = length of tube 
C = velocity of sound in fluid 
y = ratio of specific heats of fluid (assumed to be 1 for liquids) 
m = coefficient of polytropic process in instrument volume. 
(In lieu of other information, it may be assumed to 
be 1.) 
z = dimensionless parameter characterizing fluid regime 
» = angular frequency applied 
Xr = attenuation factor based on tube volume 
X; = attenuation factor based on instrument volume 


Subscript 7’ refers to parameters based on tube volume. 

Subscript J refers to parameters based on end volume. 

Subscripts O or 1 adjacent to a letter denote fundamental or 
first harmonic. 

An end subscript of 0 denotes a value for case of large damping. 
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The attenuation of the fundamental may be computed validly 
from the formulas developed in this paper when 


hie 
CD Lad [36] 
vow 
C? | 

The second harmonic distortion, which was only estimated 


approximately, may be validly computed from the formulas de- 
veloped when 


and for applied pressure amplitudes small enough to guarantee 
laminar flow. 


EXAMPLES OF COMPUTATIONS 


The calculation of attenuation by the General Procedure 
outlined will be illustrated by a number of examples. 

(a) What is the longest length of */,s-in-ID tubing that can be 
used to transmit air pressure to a Bourdon-type pressure gage 
(equivalent internal volume assumed negligible) up to a fre- 
quency of 1/2 cycle per sec (cps) with a loss in amplitude not 
greater than 25 per cent? What will be the double-frequency dis- 
tortion? For air, assume wo = 2 X 10~4 poise, vo. = 1/¢ stokes, 
m = 1, Y = 1.4, po = 10° dynes/em? (atmospheric pressure), 
angular frequency w= 7. 

Using Equation [26], 2 = 1.1 (computed in consistent units). 
This value is sufficiently close to unity to permit the use of Figs. 2 
and 3. 

Enter Fig. 2 with | oz /Eolo = 0.75 and xo;/X70 = 0, since the 
instrument volume is negligible, to find x7o = 2.1. Compute Z in 
Equation [27] to be 160 ft. 

Enter Fig. 3 with x7 = 2.1, to find that the maximum 
phase lag will be 53 deg. 

Enter Fig. 8 to find that the relative amplitude of the 
double frequency | €,,/€0lo/Eo = 0.35. For initial pressure ex- 
cesses of 0.1, 0.3, and 1, respectively, the double-frequency ampli- 
tude, relative to the input amplitude, will be 31/2, 10!/s, and 35 
per cent, respectively. 

(b) What lengths of 0.1-in-ID tubing (nominally %/;.-in-OD 
tubing) can be used for quality transmission of air pressure for fre- 
quencies up to 1, 10, 100, 1000 cps into pressure instruments with 
equivalent rigid volumes of 0.1 cu in. and 1 cu in.? 

We will define quality transmission as that in which there is no 
more than +5-per cent change in fundamental amplitude or more 
than +30-deg phase shift (whichever is more stringent). 

Assume that uo = 2 X 107‘ poise, v = 1/. stokes, m = 1, 
y = 14, D = 0.1 in., A = 0.0079 sq in., po = 108 dynes/cm?2, 
po = 0.0012 g/cm. 

We will calculate for each frequency separately. 

Let f = 1 eps: 

Using Equation [26], z = 0.61, therefore use Figs. 2 and 3. 

Assume AL = ©, therefore, by Equation [28], x10/X70 = 0. 

Enter Fig. 2 for | Eor/éolo = 0.95 to find x7 = 0.80. | 

Enter Fig. 3 for (69)o = 30 deg to find x79 = 1.1; use 0.80 since 
more stringent. 

Calculate Z from Equation [27] to be 450 in. 

Calculate AL to be 3.5 cu. in. 

Compute X79/Xro from Equation [28] to be 0.029 for V = 0.1 cu 
in.; to be 0.29 for V = leuin. 

In Fig. 2, Xz is modified negligibly for V = 0.1 cu in. 

Therefore Z = 450 in. = 37 ft for V = 0.1 cuin. 
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Re-enter Fig. 2 for | Eox/éolo = 0.95, X10/X7ro = 0.29 to find 
Nay OBEY, 
Calculate L to be 350 in. = 29 ft for V = 1 cuin. 


Let f = 1000 eps: 

Using Equation [26], 2 = 610, therefore use Figs. 6 and 7. 

Assume X;/Xr = 49 (the line volume will probably be small). 

Enter Fig. 6 for | g,,/£olo = 1.05 to find wL/C = 0.031. 

Calculate L from Equations [33], [26], and [27] to be 0.066 in. 

Calculate AZ to be 0.00052 cu in. 

Using Equation [34], it is seen that X7/Xr is greater than 
assumed so that wl/C, and therefore L is less than the previous 
estimate. One may note that the estimated length will be so 
small that the theory essentially predicts that no transmission 
tubing at all may be used. In fact, the acoustic impedance of the 
entrance orifice into the pressure instrument, or the mechanical 
impedance of the pressure instrument itself will probably govern 
the response at this high frequency. 


Let f = 10 eps: 

Using Equation [26], 2 = 6.1, therefore use Figs. 4 and 5. 

Assume AL = ©, therefore X70/Xro = 0. 

Enter Fig. 4 with | €o,,/fo| = 1.05, and y = 1.4 to find Xr = 
0.12. 

Compute Z from Equation [27] to be 58 in. 

Compute AL to be 0.45 cu in. 

Compute Xzo/X7o from Equation [28] to be 0.22 for V = 0.1 cu 
in.; = 2.2for V = 1 cu in. 

In Fig. 4, X70 is modified to about 0.07 for V = 0.1 cu in. 

Therefore L is reduced to about 4 ft for V = 0.1 cu in. 

Enter Fig. 4 for | Eo,/to| = 1.05, and Xr/Xro = 2 to find 
Xro = 0.018. 

Compute L to be 22 in. for V = 1 cuin. 

Compute AZ to be 0.17 cu in. 

Compute X10/X7o = 6. 
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Enter Fig. 4 to find X79 = 0.007. 

Compute L to be 14 in. 

Compute AL to be 0.11 cu in. 

Compute Xz0/Xro = 9. 

Enter Fig. 4 to find xro = 0.004. 

Compute Z to be 11 in. 

Compute AL to be 0.09 cu in. 

Compute X1/X7o = 11. 

In Fig. 4, x70 is modified negligibly. Therefore L = about 1 
thtor V = lcwin: 

To check the phase angle, enter Fig. 5 with X0/Xro = 11, and 
Xro = 0.005, to find 4 deg. 

Let f = 100 eps: 

z = 61 (interpolation is necessary). 

First estimate from Figs. 6 and 7. 

Assume X7/Xr = 9. 

Enter Fig. 6 to find wL/C = 0.068. 

Compute ZL to be 1.5 in. 

Compute AL to be 0.011 in. 

Compute X7/Xr = 9.1 for V = 0.lcuin.; = 91for V = 1cuin. 

By Fig. 6, ol /C is negligibly modified for V = 0.1 cu in. 

Therefore L = 1.5 in. for V = 0.1 cu in. is our first estimate. 

For V = 1 cuin., we find again that an extremely small tube is 
predicted, so that the impedance of the entrance orifice will 
probably govern. 

For V = 0.1 cuin., and L = 1.5in., estimate (YX70/16)'/2 to be 
0.01. 

From Fig. 7 we find that the phase lag is negligible. 

Compute X7>o = 0.0009, from Equation [27] for w = 200 x. 

Enter Fig. 4 for Xz0/Xr0 = 9, to find | Eoz,/£0| = 1.00. 

Interpolating between | Eox/éo| Si ane = O25 aime! | Eox/o| 
= 1.05 at z = 100 for z = 61, we find that | Eox/€ol is negligibly 
affected. 

Therefore L = 1.5in. for V = 0.1 cu in. 
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Long-Time Tension and Creep Tests 
of Plastics 


By C. E. STAFF,! H. M. QUACKENBOS, Jr.,? anv J. M. HILL,1 BLOOMFIELD, N. J. 


Thermosetting and thermoplastic materials have been 
maintained under constant load at 25 C and 75 C for 
periods ranging from 1000 to 14,500 hr. Creep was meas- 
ured with electric strain gages and, from its course, an 
estimate has been made of the maximum stresses that can 
be sustained for 5 years by the thermosetting materials. 
Both creep and crazing govern the maximum stresses for 
the thermoplastics, and these have been estimated for 1 
year. An examination has been made of the accuracy and 
precision of the electric strain gage in measurements of 
creep. It is believed that the results are not confined to 
use in potential structural applications but have their 
greatest value in many current problems. 


INTRODUCTION 


VER the past 8 years more than a dozen papers have ap- 
peared on the creep of rigid plastics and yet our knowledge 
is far from complete. The common laminates have been 

fairly well covered, but tests on thermosetting products have not 
exceeded 1000 hr (1, 2, 3)? with one exception (4), and of the ther- 
moplastics only cellulose acetate and polymethylmethacrylate 
have been investigated (5, 6). It is the aim of this paper to pro- 
vide more information about the thermoplastic and thermosetting 
plastics. 

Creep tests for plastics have usually been justified in the past 
for two reasons: (a) The results were thought to be connected 
with fundamental physical properties. In the present paper this 
aspect will be neglected, although the physical chemist is not ex- 
cluded from making his own interpretation. (b) Plastics were on 
the threshold of light structural uses. Good creep data, of course, 
will always find use in structural design, but this study was pur- 
sued mainly with the conviction that the results relate to many 
present applications. 

It is not generally recognized that two practical aspects of 
creep, namely, sustained stress and continuing deformation, af- 
fect so many common molded parts. Examples are fan blades re- 
sisting centrifugal stresses, material around metal inserts under 
stresses that have arisen from differential contraction, parts 
under stress from differential water absorption, objects bearing 
direct load (e.g., coat hangers and bottle caps screwed tight), and 
moldings shrinking under the influence of high ambient tempera- 
ture. Under such circumstances creep may either change toler- 
ances or cause weakening and even fracture. The period of stress 
or deformation may easily be several years, and in order to avoid 
undue extrapolation from laboratory to field, the creep test here 
was usually continued 5000 hr while a few tests lasted 14,500 hr. 

Creep usually has been measured with optical devices except in 
one laboratory (1, 2, 3), where the value of electric strain gages 


1 Research and Development Department, Bakelite Corporation. 

2 Research Engineer, Bakelite Corporation. Jun. ASME. 

3 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Rubber and Plastics Division and presented at 
the Annual Meeting, New York, N. Y., November 27—December 2, 
1949, of Taz American Society or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No, 49—A-61. 


has been demonstrated. Such a gage was preferred here because 
of its economy and simplicity. The reliability of an electric gage 
over a long period of time has been questioned, and a secondary 
objective of this study was to resolve this doubt. 


PROCEDURE 


The thermosetting materials examined were all commercial] 
combinations of a filler and a two-step resin polymerized from 
phenol and formaldehyde. The percentage and type of resin 
varied from one material to another. These materials were com- 
pression-molded. The thermoplastics were injection-molded with 
the exception of vinyl copolymer which was cut from sheet. 
Fifty bars of each material were prepared at the same time and 
kept at 25 C and 50 per cent RH until used; for periods ranging 
from 1 month minimum to 2 years maximum. 

The procedure for most creep tests was as follows: The speci- 
men bearing two SR-4 gages connected in series was put into the 
grips and hung in the rack. (These SR-4 gages, supplied by Bald- 
win-Southwark, have been described before, reference 1). The 
gages were balanced electrically, as shown by an SR-4 meter, 
against two other (“dummy”’) gages on a similar specimen, or on 
a steel bar, hanging nearby under no load. Specimens and clamps 
are shown in Fig. 1. Ten-point switches designed for use with 
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thermocouples were found satisfactory in allowing several speci- 
mens and their dummies to be connected to the SR-4 meter in 
turn. Load was applied directly with iron or lead weights to a pan 
hooked to the lower grip. Ten 20-lb weights gave a stress of about 
3200 psi in the specimen. Strain was observed for each increment 
of load during loading, in order to determine modulus of elasticity. 
After loading, strain was observed every one, two, or three days, 
depending on the duration of the test. Elastic and delayed recoy- 
ery on unloading were also observed when desired. 

Two ambient conditions were maintained; 25 C and 50 per 
cent RH in a conditioned room, and 75 C and uncontrolled low 
relative humidity in an ordinary air-circulating oven. Holes were 
drilled in this oven, and it was supported so as to surround only 
the specimen and grips. The weights and frame were outside. 
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At 25 C and at 75 C the dummy gages were cemented to a speci- 
men resembling that under test. Such a practice is supposed to 
eliminate fluctuations arising from minor variations in tempera- 
ture. At 75 C, in addition, the dummies were carried on steel 
bars. 

Tensile tests were made at 25 C and 75 C in a testing machine, 
and strain to failure was measured usually with a mechanical ex- 
tensometer at 75 C and SR-4 gages at 25 C. The specimens for 
tensile tests at 75 C were first exposed for 100 days at that tem- 
perature. Details of procedure appear in the Appendix. 


Discussion 


Creep of Thermosetting Materials. Creep curves are of most 
value when they are linear and so can be extrapolated if wished. 
Four of the six materials tested at 25 C followed a course that was 
linear on logarithmic co-ordinates. These four had fillers, re- 
spectively, of woodflour, floc, kraft paper, and fabric. Two of 
them are illustrated in Figs. 2 and 8. Note that the ordinate is to- 
tal deformation, the sum of the initial elastic deformation, which 
occurs immediately on loading, and creep which accumulates with 
time. 

With a filler of asbestos, the creep curve eventually becomes a 
straight line on rectangular rather than logarithmic co-ordinates, 
Fig. 4. When the filler is mica, the creep is so small, Fig. 5, that it 
might be interpreted as linear on almost any kind of plot, 

The original points usually have been omitted, in order to make 
the diagrams more effective. The points were first plotted on rec- 
tangular co-ordinates and the best smooth curve was drawn 
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(Strain shown includes initial elastic deformation which was 0.078 per cent 
per 1000 psi. Lines not straight in this and in Fig. 3 are dotted.) 
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days with total deformations of 0.42 per cent and 0.44 per cent, respectively. 
Strain shown includes initial elastic deformation which was 0.067 per cent 
per 1000 psi.) 
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Fig. 5 Crenp at 25 C ror CoMBINATION OF Mica AND’ PHENOL- 
FORMALDEHYDE RESIN 
(Strain at zero time represents initial elastic deformation.) 


through them, as illustrated for one curve in Fig. 4. Where the 
co-ordinates are rectangular, the diagrams in this paper show this 
curve alone, and where logarithmic, the few points shown have 
been taken from this original curve. 

At 75 C creep and shrinkage go on together. Creep itself is 
measured by comparing the stressed specimen with an unstressed 
one at the same temperature. Figs. 6 and 7 show the same tend-- 
ency to linearity as at 25 C. The net strain was given by refer- 
ence to a steel bar at 75 C, and shrinkage was taken as creep 
minus net strain. Shrinkage itself follows a linear course on a 
semilogarithmic plot, Fig. 8, and was found independent of stress. 

In introducing the subject of creep, it was mentioned that con- 
tinuing deformation is of practical importance. Figs. 2 to 7, in- 
clusive, inform us of deformation under stress, and Fig. 8 is of 
interest in connection with operation at an elevated temperature 
under no stress. All the lines may be extrapolated to longer 
times if wished. 

Sustained stress is also of importance, and one often wishes to 
know the maximum stress that can be borne without failure for, 
say, 5 years. In this connection consider Fig. 38. Four tests 
ended in failure in a period of 180 days, and in each the total de- 
formation (elastic plus creep) was somewhat in excess of that 
measured in failure in the short-time tensile test. A similar tend- 
ency at 25 C was noted in Fig. 2. At 75 C one failure for each of 
three materials occurred at the corresponding level of deforma- 
tion. 

Thus the 5-year strength is established by finding a stress such 
that the creep line extrapolated to 5 years does not quite reach 
the level of tensile breaking strain. Strengths predicted in this 
way are presented in Table 1. The estimates are conservative, 
especially at 75 C where the creep data are rather incomplete. 

In order to fortify these predictions, one specimen of each ma- 
terial was kept loaded for 19 months (14,500 hr) at 25 C, Fig. 9. 
The woodflour and asbestos materials, under higher stresses than 
those predicted, almost reach the dangerous levels, and the lower 
stresses of Table 1 are more appropriate. The others withstand 
comfortably the predicted stresses. 

There are two points of practical importance about these long- 
time strengths; (a) they are quite low in relation to the tensile 
strengths, (b) they hold only for unnotched specimens. If a 
sharp notch (or equivalent) is present in the specimen or in a 
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(Strain shown includes initial elastic deformation, which was about 0.098 per 
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shrinkage.) 


Fie. 9 Creep Tests Lastine 14,500 Hr ar 25 C ror SEveRAL 
THERMOSETTING MATERIALS 
(Elastic deformations as in Figs. 2-5.) 


molded object, the figure should be divided by the ‘notch sensi- 
tivity” of Table 1. 


A quantitative relation between creep and stress is usually of 


interest. It is remarkable that one equation covers the four ma- 
: STRESS Fp ; : > fealrato. s9y 
X= FAILED skp eo terials having fillers of woodflour, fabric, paper, and floc, namely 
ions (£) = 0-108 logit OTIS eae ee 1] 
oO 

where t = time, hr ; 

« = per cent strain (elastic plus creep) 
<< 10° 
o = stress, psi 

Within +20 per cent, this line describes the results for Figs. 2, 3, 
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Fie. 7 Creep at 75 C ror PHENOLFORMALDEHYDE Resin Com- 
BINED WITH FILLERS INDICATED 


(Strain shown includes initial elastic deformation, which was about 0.090 per 
cent for each 1000 psi with both materials, but excludes shrinkage.) 


and 9, and for the data notillustrated for the flock and paper fillers 
—at four stresses for each, ranging from 1180 to 2750 psi main- 
tained for 2500 to 5000 hr. The exceptions are the three curves in 
Figs. 2 and 3 that are not linear, and the curve which begins to 
curve upward at longer times. The equation is not valid for 
times less than 50 hr. 

At 75 C a similar equation correlates the results except that 
creep is about 1.5 times greater at any given time. The results 
are more scattered, reflecting some instability of the electric cir- 


) cuit at that temperature. 

In several papers, one of Findley’s, for example (5), appear 
oF graphs relating stress versus time to fracture. For four materials 
here, Equation [1] can be manipulated, in conjunction with the 
3202 constant level of critical breaking strain, to demonstrate that 

3 such a graph would be linear on logarithmic co-ordinates. 
503 Relaxation, or the decline of load necessary to maintain con- 
= stant strain, is sometimes of interest. Usually the greater the 
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Fic. 8 SHRINKAGE aT 75 C FOR PHENOLFORMALDEHYDE RESIN 
ComBIneD WitTH FILLERS INDICATED 


creep the greater the relaxation. A closer connection has not 
been evolved except for thermoplastics under high temperature. 
One relaxation curve is shown in Fig. 10. 

No extensive measurements were taken of creep recovery after 
unloading. Instantaneous elastic recovery at 25 C is equal to the 


TABLE 1 PREDICTED LONG-TIME (5-YEAR) TENSILE STRENGTHS OF PHENOL-FOR MAL- 
DEHYDE MATERIALS 
= —25 C S75 Cs se 
Tensile Tensile 5-year Notch Tensile Tensile 5-year 
strength, modulus strength, sensi- strength, modulus, strength, 
Filler psi psi X 10% psi tivity psi psi X 10% psi 

Wioodfloursy sss = © s4s 7800 1.28 2000 2.0 8000 1.30 1200 
Kc beskous wae enewere tes 4400 2.47 oe ie rates Hees 1360 
Ch ed kraft paper.... 7700 1.42 ; ‘ y 
Macccated faba - spores 5600 1.49 2000 1.0 5600 1.45 1200 
Cotton floc eRe ase 7500 1.40 2700 1.4 6100 1.48 1200 
AWOL y & Oe nome exc ge 5700 4.5 2000 1:3 6000 sate : ae 


Nore: Products are commercial. Type and content of resin varied. They were all virtually linear to 
failure in tension and strain to failure can be found by dividing strength by modulus of elasticity. Notch 
sensitivity is the ratio of the breaking load in flexure for an unnotched bar 0.4 in. deep to the breaking load 
for a bar 0.5 in. deep containing the standard ASTM notch (0.1 in. deep, 0.01 in. radius) in the lower 
face. 
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Fic. 10 ReLaAxaTIOoN—ConsTANT STRAIN—AT 25 C or A THERMO- 
SETTING MATERIAL WiTH A FILLER oF Krarr PAPER 
(Initial stress was 2400 psi.) 


original elastic deformation. In thirteen instances the difference 
between these two elastic deformations averaged 0.004 per cent 
only. After the usual exposure to 75 C for 1 hr before a creep test 
was started, the modulus of elasticity was about 20 per cent lower 
than at 25 C. The instantaneous recovery on unloading after 
several hundred hours at 75 C was always lower than the initial 
elastic deformation, because the modulus had risen about 20 per 
cent in that time. 

Few other results exist for comparison. The several materials 
exposed for 1000 hr by Telfair, Carswell, and Nason (1), and the 
one material for several thousand hours by Findley (4) resemble 
the ones in this paper. The curves are not linear on rectangular or 
semilogarithmic co-ordinates but might become linear on loga- 
rithmic co-ordinates. The creep deformation is of the same order. 
The several authors of the one paper predict, by a procedure not 
described, a “‘stress below which no practical danger of failure 
exists.” The predictions agree with those of Table 1. In spite of 
this apparent success of forecasts based on 1000 hr, it is suggested 
that a new material be run at least 5000 hr. Lower times might 
be sufficient for a product resembling quite closely one already 
tested. 

It has been suggested (2) that elevated temperatures promote 
further curing and hence shrinkage in molded thermosetting 
specimens. Another possibility is that such shrinkage is con- 
nected with the loss of water by diffusion. Under conditions when 
further curing is probably absent (vacuum desiccation at 25 C), a 
woodflour-filled material shrinks about 0.20 per cent for each per 
cent of weight lost. 

Measurements of the weight for a woodflour material at 75 C 
showed a loss of 2.4 per cent at 250 hr. At 1000 hr the loss 
reached 3 per cent and remained constant for longer times. If 
these losses are assumed to be all water, they are far too large to 
account for the shrinkage observed, assuming a shrinkage of 0.2 
per cent for each per cent lost. It is not permissible to assume 
that other volatiles were lost and that the water alone would ac- 
count for the shrinkage, because shrinkage continues after 1000 
hr, although weight loss ceases. It is probable that shrinkage at 
75 C is caused both by loss of water and by further curing. 

Creep of Thermoplastics. The curves relating deformation and 
time generally become linear when plotted in the same way as 
the thermosetting materials, Fig. 11, 12, and 13. The cellulose 
plastics are exceptions, and their curves are shown on rectangular 
co-ordinates, Fig. 14. A comparison of creep alone for several 
thermoplastics is given in Fig. 15. 

The data are not comprehensive enough to allow stress to be 
correlated with creep as in Equation [1]. Judging from results at 
two stresses, deformation increases out of proportion to stress. 
Temperature has a tremendous effect on creep. For example, be- 
tween 24 hr and 2400 hr, polystyrene creeps 0.6 per cent under 
3600 psi at 25 C, and at 75 C creeps the same amount under 400 
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(Figure against each line represents stress in pounds per square inch. Initial 
elastic deformation included in oy prom may be calculated from moduli 
of Table 2. 
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Fie. 15 Creep ALONE oF THERMOPLASTICS AT 25 C 
(Figures represent stresses in pounds per square inch.) 


psi. The ratio of nine (3600/400) for polystyrene is lower for the 
other styrene polymers. 

Several thermoplastics differ from other thermoplastics, and 
from thermosetting and laminated products, in that they can 
soon exhibit crazing or internal cracking under sustained load. 
Such crazing promotes premature failure. For example, polysty- 
rene under 1800 psi at 25 C exhibits quite low creep, Fig. 11, and 
yet separation into two parts occurred in one test after 5700 hr. 
At a lower stress, 1200 psi, there is no danger of failure under 
10,000 hr but definite craze marks were observed in 5 to 10 days. 
The user of polystyrene probably would feel uneasy or dissatis- 
fied if craze marks did appear, and their appearance can be con- 
sidered as defining failure. 

This phenomenon of crazing under stress was observed with 
polystyrene from several sources, with annealed polystyrene, 
with a copolymer of styrene and acrylonitrile, and with polychlor- 
styrenes. Crazing occurred when SR-4 gages were not applied 
and therefore it cannot have arisen because of chemical attack by 
the cement. There was no crazing under the low stresses used at 
75 C, and a limiting deformation provides the criterion of failure, 
as described in the following. 

Crazing was not observed at 25 C with the cellulose plastics, 
with ‘“Vinylite” (a copolymer of vinyl chloride and viny] acetate), 
or with polymethylmethacrylate. (Under 3600-5400 psi the last 
was found to craze by Chasman, reference 6. The stresses exceed 
those suitable for enduring use.) With these plastics that do not 
craze, the deformation to failure, whether in a short or a long 
time, is much in excess of 1 per cent. However, a deformation of 
1 per cent is usually the acceptable limit. A bar 8 in, long and 0.5 
in. X 0.5 in. in section when clamped at one end would deflect 0.8 
in, at the other if the load there caused a strain of 1 per cent at 
the clamped end. Accordingly, the long-time strength will be 
such that the total deformation does not exceed 1 per cent. At 75 
C the proper curves to which this criterion should be applied are 
those representing net deformation (total deformation minus 
shrinkage). However, there is so little knowledge of behavior at 
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75 C that a factor of safety will be applied by considering total 
deformation, 

With the criteria of failure discussed in the foregoing, one can 
estimate long-time strengths. The data are less thorough than 
those for the thermosetting materials, and the predictions of 
Table 2 are for 1 year. The estimates are conservative. With poly- 
methylmethacrylate at 25 C and polystyrene at 75 C, there are 
no creep data at the estimated stresses, and the very rough ap- 
proximation was used that total creep is proportional to stress. 

The results of Table 2 may be discussed in several ways. Ther- 
moplastics often have a higher tensile strength but are less satis- 
factory for service under enduring stress than thermosetting ma- 
terials. The heat distortion temperatures (ASTM D648-45T) for 
the four polymers of styrene are polystyrene, 83 C, copolymer of 
styrene and acrylonitrile, 92 C, polymonochlorstyrene, 100 C, 
polydichlorstyrene, 106 C. Evidently these values are a poor re- 
flection of the serviceability at 75 C indicated by creep tests. 

The problem of cracking around inserts may be analyzed. 
When a piece containing an insert cools after molding, stresses 
arise because the plastic shrinks more than the metal. At room 
temperature a stress will be present of a magnitude depending on 
the temperature at which the plastic becomes rigid and on the 
coefficient of expansion. With the four styrene polymers of Table 
2, the coefficient of expansion falls as softening point rises in such 
a way that the expected stress is about the same for all. Their 
tendency to crack around inserts will be governed, therefore, by 
their long-time strengths at 25 C. Accordingly, polystyrene 
would crack most readily around inserts. There has been some 
practical confirmation of this. 

The reason for the shrinkage of thermoplastics at 75 C is not 
known. The loss in weight of the styrene polymers is quite small. 
It reaches 0.1-0.5 per cent at 100 hr and remains constant for 
longer times. Coiling of the polymer chains probably accounts 
for shrinkage at 75 C. 

Reliability of SR-4 Gage. Popular suspicion still attaches to the 
measurement of creep by electric strain gages. There are ques- 
tions as to the reliability of the bond between the specimen and 
the gage, and as to the constancy of the electrical circuit over a 
period of time. Tne following experiments were designed to re- 
solve the doubts. 

The creep of a vinyl copolymer under 1560 psi at 25 C was meas- 
ured simultaneously by dial gages, reading to 0.0001 in., and by 
SR-4 gages cemented with “Duco” cement. The specimen cut 
from a sheet 0.1 in. thick was made long to increase the accuracy 
of the dial gages. These gages were supported by the testing 
frame and were held against the edge of the specimen by the 
spring of the gage, contact being confined to a small area by means 
of clips, Fig. 16. The use of two dial gages eliminates any effect 
arising when the specimen shifts slightly in the upper grip or jaw. 
The SR-4 gages were applied on both sides in two locations to give 
a mean result. The creep shown by the SR-4 gages is lower than 
that given by the dial gages, Fig. 17. 

Part of the discrepancy in Fig. 17 may arise because the elec- 


TABLE 2 PREDICTED LONG-TIME (ONE YEAR) TENSILE STRENGTHS OF 


THERMOPLASTICS 
=a 25 C : 75 C 
Tensile Tensile Strain One-year One-year 
strength, modulus, to failure, strength, strength, 
Material psi psi X 10-8 % psi psi 
Polystyrenes:. 6 t.sresasiele ls 7500 0.48 Deal 800 250 
Gly ono hlorstyrone Stet tine 9500 0.52 2.5 1200 400 
Polydichlorstyrene.. ....... 5900 0.60 1.0 1500 400 
Styrene-acrylonitrile copolymer 9100 0.48 2.2 1500 560 
ONG aia bhi 9 Sob. o dee bomen tags ont: at 1600 nee 
Cellulose acetate? .........-- 6700 0.35 5.5 600 
Cellulose acetate-butyrate®... 3900 0.16 9.5 Loe aie 
10100 0.43 4.2 2000 


Polymethylmethacrylate’..... 


@ Properties can vary with the mode of preparation. 


This is especially true with the cellulose plastics. 


“Medium” cellulose acetate and cellulose acetate-butyrate were used here. 
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tric gages actually stiffen the material in their neighborhood. 
After the creep experiment the central portion of the specimen in 
Fig. 16 was cut out and pulled in tension. The electric gages and 
mechanical extensometers applied to span them showed 15 per 
cent less elongation at a given load than mechanical extensometers 
outside the region covered by the electric gages. This means that 
of the 103 lb applied in the creep test, 15 per cent or 15.5 |b are 
carried by the SR-4 gages and only 87.5 pounds are taken by the 
adjacent vinyl copolymer. Outside the sections covered by 
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(Initial elastic deformation was 0.248 re cent according to the electric 
gages. 


the electric gages, the total load is of course borne by the plastic. 
In partial confirmation, one SR-4 gage (coated with Duco ce- 
ment) when loaded by itself needed about 4 lb to register the ini- 
tial elastic deformation of 0.248 per cent. 

When creep starts, the load carried by the plastic may continue 
to be 87.5 lb or may change according to the way in which the 
SR-4 gage and the bond creep under their portion of load. Under 
the 4 Ib just noted, the gage was found to creep (determined by 
readings on the SR-4 meter) more rapidly at first than the vinyl 
copolymer in Fig. 16, but after 72 hr settled down to approxi- 
mately the same rate. When loaded with 7.75 lb (15.5 for two 
gages) the creep was much more rapid. It is uncertain whether 
we should prefer the load of 4 Ib and the proper initial deforma- 
tion of the gage, or the 7.75 lb which corresponds with the proper 
stiffening. It will be assumed that not only during initial loading 
but also during creep the plastic carries only 87.5 lb, and the ad- 
jacent gages 15.5 lb. 

Therefore the creep curve using electric gages may be corrected 
for stiffening by multiplying all ordinates by 103/87.5, where 
creep is assumed proportional to stress. The corrected curve in 
Fig. 17 is still low, but it is fair to say that the electric gage gives 
a good indication of the actual creep in its area. 

With several thermosetting specimens !/s in. thick, tensile 
loading was applied with and without electrical gages in the sec- 
tion spanned by a mechanical extensometer. For duplicability it 
was found necessary to apply the extensometer to each edge in 
turn rather than to the face of the specimen. The stiffening effect 
was 11 per cent with fillers of woodflour, floc, and asbestos. The 
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creep of these materials is comparatively low so that the 89 per 
cent of load borne initially by the specimen tends to increase dur- 
ing creep. If this is neglected the creep curves are about 11 per 
cent low. 

It is easy to show theoretically that the percentage stiffening 
effect of the gages should be inversely proportional to the stiffness 
of the specimen (cross-sectional area X modulus of elasticity). 
On this basis the stiffening effect for the thermosetting products, 
predicted from the 15 per cent for the vinyl copolymer, should be 
4-6 per cent instead of the 11 per cent observed. This theoretical 
relation brings out that the thinner the specimen the greater the 
stiffening effect. It is not proper to measure creep on plastic speci- 
mens much under 0.10 in. thick. (Further, high sustained 
strains much exceeding 1 per cent probably cannot be measured 
reliably.) 

The constancy of the electrical circuit over a period of time may 
be estimated by a method suggested by Tschebotarioff (7). Two 
pairs of electric gages are affixed to opposite ends of a steel bar, 
Fig. 18. A first reading is taken with the pairs connected in one 
way to the SR-4 meter (A — 1, B — 2) and a second with the 
pairs interchanged (A — 2, B — 1), by means of switches. The 
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meter has been simplified to make the whole circuit a Wheatstone 


bridge. The same process is repeated daily. Typical readings 
are as follows: 
First Second Ar — A Ai + Ae 
reading A reading Ao 2 2 
Feb. 1 7-1120 a9 0-940 Ps se ae 
Feb, 2 7-1080 —40 0-980 +40 —40 0 
Feb. 3 7-1070 —50 0-950 +10 =U —20 


Now two kinds of changes occur from day to day in the circuit 
in Fig. 18. The first is in the circuits of A and B, whether in the 
leads or switches (gages assumed to remain constant). Let it be 
a. It appears always as the difference between the changes that 
have occurred in Aand B. The second change takes place in other 
parts of the circuit, for example, in the fixed resistance XY. Let it 
be «. Therefore 


where the deltas have the meanings in the foregoing tabulation. 
Hence 


ca I/y (Ay ap Ad), and @ = 1/9 (A; — A») Sa OS [4] 


The changes z, in the “permanent” part of the circuit for a period 
exceeding 2 years are shown in Fig. 19. Generally these fluctua- 
tions, expressed as strain in microinches /in., are not large, although 
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no special precautions were taken. In the foregoing argument no 
account was taken of changes that may occur in the switches when 
A and B are interchanged in the bridge circuit. Such variations 
in switching are part of the changes in the permanent portion 
of the circuit. Usually, they are quite small (10 microinches /in., 
as shown by repeated switching). 

The changes a, may vary according to whether the changes in 
the individual circuits A and B happen to add or subtract. Over 
a period of 2 years they were usually +50 microinches /in. 
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No check was made of reliability at 75 C. In another paper (1) 
a steel bar, carrying the AB gage recommended for measurements 
at 75 C (see Appendix) was bent beyond the elastic limit and held 
that way for one month at 75 C. The reading on the SR-4 meter 
did not change in that time, and the bond and circuit were con- 
cluded to be good. 
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d 


As an adhesive for electric strain gages, “Duco” cement has 
been found satisfactory at 25 C for most common plastics except 
the polymers of styrene. The Duco cement produces a multi- 
tude of tiny superficial cracks in these. Such crazing is slight and 
the bond with the gage is good for the polymers of styrene other 
than polystyrene. With polystyrene the crazing is bad and the 
bond is firm only for a few days. Three cements that are effective 
with polystyrene are a solution of polyvinyl acetate in acetone, a 
solution of polystrene in benzene and cold-setting glue (resorcinol- 
formaldehyde) normally used for wood. The latter is good only 
for small strains up to 1 per cent. When the adhesive is dry, the 
adhesion should be good enough to allow the gage to withstand 
prying with the fingernail and flexing of the test specimen by 
hand. If the gage is firmly attached it will usually give a proper 
measurement of creep. If the result is unexpectedly low it is ad- 
visable to check it with a gage bonded with another adhesive or 
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with dial gages. Finding that initial elastic deformation and in- 
stantaneous recovery after creep are equal is no assurance of the 
bond; it happened with a gage cemented to polystyrene with an 
aqueous emulsion of polyvinyl acetate whereas the creep under 
1800 psi at 25 C appeared to be slightly negative. 

For measuring strain at 75 C the special AB gages were applied 
to the thermosetting specimens, These gages have a special back- 
ing and are cemented with a thermosetting glue that must be 
baked at 100 C. Such a baking cycle rules them out with thermo- 
plastics and so cold-setting glue or Duco cement was used with 
the ordinary paper gage. The results so obtained were judged re- 
liable because the strains with gages affixed in this way to a ther- 
mosetting specimen agreed with those shown by AB gages on the 
same specimen up to 1000 hr. At that time the paper gage is 
somewhat charred. Between 1000 and 3000 hr the two curves di- 
verge slightly and the charring becomes serious. 

Apart from having the SR-4 gage well cemented, only the fol- 
lowing precautions need be observed: 


1 At elevated temperatures the dummy must be renewed for 
each test because it shrinks. 

2 Switches should be cleaned every one or two weeks with a 
solvent and sandpaper to maintain fresh contacts of negligible re- 
sistance. 

3 In the portable SR-4 meter, the enclosed batteries are small 
and they may be replaced advantageously with larger, more en- 
during batteries outside the meter. The sensitivity of the meter 
falls rapidly as the batteries become exhausted. 


Discussion 


James Battey.‘ The fact that the authors’ specimens broke 
at unusually low stresses and that the cracks started in the inte- 
rior of the injection-molded test specimens, indicates that the 
specimens had an inside portion which was under an initial ten- 
sion due to thermal strains. Test specimens which had been an- 
nealed might show substantially higher long-time strength. Were 
the test specimens annealed? 


Harry Mavsors, Jr. The authors have included as a third 
part of their paper the reliability of a bonded-wire resistance 
strain gage over long periods of time. It is to be noted that they 
do not mention what method was used for waterproofing the ac- 
tive gage and the dummy compensating gage. For precision work 
some system of waterproofing is desirable even though the labora- 
tory conditions are fixed. Zero drift usually accompanies absorp- 
tion of moisture which is due to the effect between that of the 
dummy compensating gage and the active gage. 

A method of determining the constancy of the SR-4 strain indi- 
cator as used by Mr. Ruge and Mr. Tschebotarioff is explained in 
the paper. It would have been interesting if the method had been 
extended to determine the constancy of the wire resistance gages 
mounted on a similar test specimen as the specimen under the 
creep test, but maintained at ‘zero stress” near the active speci- 
men throughout the total time of testing. If this had been carried 
out using wire gages from the same lot and adequately water- 
proofed, one would have a measure of the constancy of the active 
measuring gages as well as that of the SR-4 strain indicator. 

Fig. 16 of the paper is in conflict with the results in Fig. 17. 
The dial gages measure not only the uniform strain in the speci- 
men, but also the increase in strain due to the stress concentration 
at the fillet. One would have been more satisfied if the dial gages 
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were arranged so as to measure the strain in the straight section 
only, and if the wire gages had been moved just a bit more toward 
the center. 

This paper is a further contribution to the correct technique in 
applying wire gages to the study of plastics. 


AutHoRS’ CLOSURE 


The answer to Mr. Bailey is that the results are for thermo- 
plastics that were not annealed. However, when polystyrene 
was found to craze at such low stresses, several fresh specimens 
were annealed and submitted to a sustained stress of 1500 psi. 
Crazing was observed to appear to the same extent as for speci- 
mens that were not annealed. The annealed specimens were 
free of residual stress according to Mr. Bailey’s test (no cracking 
of the specimen when drilled with holes of !/;5 in. diam and im- 
mersed in kerosene). 

Although Mr. Majors commends waterproofing we did not use 
itatall. In the first place it seemed unnecessary, in a laboratory 
maintained at constant temperature and humidity, for the degree 
of precision needed, and second we wished to avoid complications 
that would deter routine groups from considering this method. 
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The changes a discussed in the paper include any effects of 
humidity on the gages and leads. In regard to these changes a 
and the changes 2 we seem to have induced a misunderstanding. 
The changes a (+ 50 microinches/in. ) include changes in the sensi- 
tive wires of the gage and in the leads and in the switches outside 
the SR-4 meter. While these changes were measured for gages 
on a steel bar they should apply equally well to the active or 
dummy plastie specimens. Perhaps Mr. Majors is considering 
changes that we neglected; for example, two ends of a molded 
bar may gain or lose very slightly different amounts of water in 
attaining equilibrium with the ambient air, and in consequence 
may undergo a very slight differential change. This would show 
up in his proposed extension of the method to a plastic dummy 
but would not appear in our estimates of a. Fig. 16 is a pictorial 
representation prepared by a draftsman. The electric gages 
were actually close to the center of the specimen. The dial 
gages unavoidably measured the extension of a uniform 12-in. 
lengthand the extensions of two flared areasof smalleffectivelength. 

Even a large error in an estimate of these effective lengths 
would hardly affect to + 5 per cent the over-all length to be used 
in reducing the extension to a strain. 


Accelerated-Cavitation Research 


By W. J. RHEINGANS,' MILWAUKEE, WIS. 


The cavitation-pitting tests described in this paper were 
made with an accelerated-cavitation machine of the vibra- 
tory type. An attempt was made to solve some of the 
phenomena of cavitation by varying the amplitude of 
vibration, by varying the depth of submergence of the test 
specimen in the test liquid, and by using alkalis, acids, 
and oils for the test liquid. Other tests were made to de- 
termine the relative resistance to pitting of recently de- 
veloped materials and techniques for applying these 
materials. Results showed that accelerated-cavitation 
tests can be used to determine some of the mechanics of 
cavitation, as well as to indicate that some of the newly 
developed materials might be suitable for use on hydraulic 
machinery under operating conditions where cavitation 
occurs. 


N accelerated-cavitation machine of the vibratory type 
JAN was constructed by the Research Laboratory of the 
author’s company in 1948, and was placed in operation in 
September of that year. It has been in continuous use ever 
since for making hundreds of tests on a large variety of materials 
to determine their relative resistance to cavitation and has also 
been used for investigations of some of the phenomena of cavita- 
tion and pitting. 

These tests supplement the accelerated-cavitation tests made 
during the years 1934 to 1937, by J. M. Mousson (1),? and 8. 
Logan Kerr (2), who tested almost all of the materials available 
at that time which were suited for use on hydraulic machinery. 

_The development of new materials and new techniques for the 
application of materials since 1937, some of which have unusually 
high resistance to pitting or other advantages when used where 
cavitation occurs, indicated the necessity for continuous research 
of this type and resulted in the construction of the accelerated- 
cavitation machine described in this paper. 


History or CAVITATION 


The following is a brief history of cavitation and the problems 
which brought about the development of accelerated-cavitation 
machines. 

Cavitation as used throughout this paper is defined as the 
formation of voids within a body of moving liquid (or around a 
body moving in liquid) when the particles of liquid fail to adhere 
to the boundaries of the passageway. This occurs when there 
is insufficient internal pressure to overcome the inertia of the 
particles and force them to take sufficiently curved paths along 
a boundary which has a change or a variation in shape. 

Cavitation affects the operation of hydraulic machinery in 
various ways. It can cause a loss of power and efficiency by in- 
creasing resistance to flow. It can produce noise and vibration 
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and it can produce pitting which is defined as the actual erosion 
of material subjected to cavitation. 

The phenomenon of cavitation was anticipated as early as 
1754 by Leonhard Euler (8) in his theory on hydraulic turbines, 
when he noted that an insufficient pressure in a perfect liquid can 
cause a divergence between theory and experiment and can result 
in zero resistance. ' 

Some of the practical aspects of cavitation were first noted in 
connection with ship propellers operating at high speeds. Sidney 
W. Barnaby and Mr. Thorncroft, in a paper presented to The 
Institution of Civil Engineers in London in 1895, mentioned the 
occurrence of a new phenomenon during propeller trials of HMS 
Daring (4). They noted the formation of cavities in water which 
tended to become filled with water vapor. This condition was 
held responsible for waste of power and other difficulties. About 
the same time Charles A. Parsons (5) verified this by tests on the 
steamship 7’urbinia where loss of power on the first steam-turbine- 
driven propellers was traced to cavitation. 

The first recorded indication that cavitation produced erosion 
or pitting of materials was in an article published in 1907, by 
W. Wagenbach (6), in which he described how the Francis turbine 
runners of the Jaice hydroelectric works in Bosnia failed after a 
few weeks of operation in 1890. The runners were so badly 
eroded by cavitation that they had to be replaced. After this 
there were numerous reports of pitting, both on hydraulic turbine 
runners and on ship propellers. 

However, the wide variation in the resistance of different 
materials to pitting is a phenomenon that was first discovered 
during the 1920’s. It is probable that prior to this period some 
engineers may have suspected such variations but there is no 
record of any published information on actual comparative tests. 

J. Ackert, in his handbook published in 1926 (7), reported the 
relative resistance of cast iron, cast steel, and bronze to erosion or 
pitting. 

In 1924 a cast-iron Francis runner with 15 patch plates of various 
types of materials fastened to the back sides of the runner blades 
near the discharge edge was installed at the Isle Malign Plant 
in Quebec. An inspection of this runner after 31/2 years of opera- 
tion showed that patch plates of stainless steel resisted pitting to a 
remarkable degree as compared to the cast iron in the runner, 
and as compared to other materials used in the remainder of the 
patch plates. About this time similar experiments with various 
materials, including stainless steel, were being made on hy- 
draulic-turbine runners in a number of other power plants. 
However, it was soon realized that placing different types of 
material in a hydraulic turbine and then waiting a number of 
years for an answer was not a very satifactory method of deter- 
mining the degree of resistance to pitting of these materials. The 
time interval was entirely too long, and there was no satisfactory 
method for comparing materials tried in one turbine with those 
tried in another. 

Therefore, starting about 1932, several types of machines were 
developed which were capable of producing accelerated cavita- 
tion whereby the resistance of various metals to pitting could be 
determined accurately under laboratory control within a reasona- 
ble period of time (8). 

The earlier machines used the principle of passing water at a 
high velocity through a restricted area, followed by a sudden 
enlargement. This was known as the Venturi-tube type of 
machine. 
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In 1935 Dr. J. C. Hunsaker and Dr. H. Peters of the Massa- 
chusetts Institute of Technology, developed the vibratory 
method of accelerated cavitation (9, 10). This is the method 
used for the tests described in this article. 


CaviraTIoN MACHINE 


Fig. 1 shows a schematic layout of the vibratory type of 
accelerated-cavitation machine. Figs. 2 and 3 are views of the 
machine as originally built for temporary use, when only a few 
tests were being planned. However, the results of the tests 
were so revealing, so many new materials were being developed, 
and so many new ideas on the phenomena of cavitation were 
being advanced, that the machine has been in constant operation 
from the day it was completed. Since many additional tests are 
scheduled for this machine which may require several years to 
complete, it is being rebuilt in more permanent form, with cabinets 
for housing all of the electrical equipment, and with a neater 
arrangement of supports, connecting wires, and auxiliaries. 

The apparatus follows the general description by S. Logan Kerr 
(2). It consists of a vacuum-tube oscillator which produces an 
alternating magnetic field through the nickel tube. When the 
frequency of the magnetic field is the same as the natural longitu- 
dinal frequency of vibration of the nickel tube, the tube will vi- 
brate at maximum amplitude in the longitudinal direction. 

The test specimen, Fig. 4, is attached to the end of the tube and 
immersed in the test fluid to a depth of !/sin. Since the test fluid 
heats rapidly during. a test run, the beaker containing the test 
fluid is set in a running-water bath to maintain a constant tem- 
perature of 76 plus or minus 1 F. 

Since the frequency and amplitude of vibration of the test 
specimen have considerable effect on the rate of pitting, pro- 
visions are made to control these quantities at all times. The 
frequency of course is determined by the length of the nickel 
tube. The vacuum-tube oscillator circuit is tuned to the natural 
frequency of the nickel tube. All tests are made at a frequency of 
6500 cycles per second (cps), this being the natural frequency 
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of vibration of the nickel tube 12 in. long, with test button at- 
tached. 

An electric strain gage is attached to the nickel tube to measure 
the amplitude of longitudinal vibration. It is calibrated at fre- 
quent intervals by measuring the actual movement of the test 
specimen by means of a stroboscopic light and a microscope with. 
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micrometer scale. All tests are made with an amplitude of vibra- 
tion of 0.0034 in. In this paper the amplitude of vibration refers 
to the total travel of the test specimen. The criterion for rate of 
pitting is the loss of weight of the test specimen. 


Meruop or TESTING 


As a check on the relative performance of the vibratory ma- 
chine, it was decided to use a brass test specimen as a standard to 
be tested at frequent intervals. By comparing the rate of pitting 
of the various standard specimens, any serious deviation in the 
relative performance of the apparatus becomes apparent im- 
mediately. 

At first, cast bronze was used for this purpose. However, it 
was found that this material would pick up water and actually in- 
crease in weight during the first 30 min of testing. The standard 
test specimen was then changed to rolled brass, ASTM Specifica- 
tions B-16-44, which gave satisfactory results. 
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However, since most materials, particularly cast materials, 
have a tendency to pick up some moisture during the course of a 
2-hr cavitation test, all of the test specimens are placed in boiling 
water for 30 min, before being tested and before being weighed. 

All of the test specimens are carefully adjusted to the same 
weight within !/, gram. They are all weighed accurately to the 
nearest !/j9 mg in a chemical-balance scale. All specimens are 
weighed every 80 min during the test. It was found that the rate 
of loss of some of the metals increases for the first 60 to 90 min, but 
after that period the loss approaches a fairly constant rate. 
Therefore the length of each test was limited to 120 min. Fig. 5 
shows how the rate of loss of metal varied with time. It was ob- 
served in several instances that a highly polished specimen had a 
slower rate of pitting during the first 60 min of testing than the 
same material with a dull finish. However, by the end of a 120- 
min test, the highly polished specimen would be pitting at the 
same rate as the duller specimen. Therefore, in comparing the 
relative rate of pitting of various materials, the rate of loss during 
the last 30 min, as well as the total loss of weight in 120 min, is 
used as a criterion. 


Errect or AMPLITUDE OF VIBRATION 


An interesting series of tests were made on several materials to 
determine the effect on the rate of pitting by changing the ampli- 
tude of vibration of the test specimen. The construction of the 
accelerated-cavitation machine made it possible to control 
the amplitude of vibration by controlling the power output of the 
vacuum-tube oscillator. The amplitude was measured by means 
of an electric strain gage fastened to the nickel tube. This strain 
gage was calibrated at frequent intervals by means of a micro- 
scope micrometer. During these tests the frequency of vibration 
was the same as for all the tests described in this paper, namely, 
6500 cps. 
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Fig. 6 shows how the amount of pitting decreased as the ampli- 
tude was decreased. There was very little difference in the rate 
of pitting between 0.0030 in. and 0.0035 in. amplitude. For this 
reason, an amplitude of 0.0034 in. was selected for all the standard 
tests made on different materials to determine their relative re- 
sistance to pitting. Thus a slight variation in amplitude for 
different tests had very little effect on the relative rate of pitting 
of the test specimens. 

The results of these tests indicate that a certain amplitude of 
vibration of the test specimen is needed to produce actual pitting, 
and that the magnitude of the amplitude required varies for dif- 
ferent metals. The 18-8 rolled stainless-steel type 302 required an 
amplitude of 0.0025 in. before pitting became appreciable. The 
cast-steel specimen showed very little pitting below 0.0016 in. 
amplitude, and the brass specimen probably would have stopped 
pitting below 0.001 in., if the tests had been carried to such low 
values. 

Apparently there is a difference in the minimum force required 
to produce pitting on different materials, and changing the ampli- 
tude of vibration seems to change the forces which produce 
pitting. This experimental data correspond to some of the field 
results, where cast iron or cast steel, which pitted rapidly, was re- 
placed with stainless steel, which did not pit at all under the same 
operating and cavitation conditions. 

Just what the forces are that are created by the vibrating speci- 
men and which produce pitting is still open to speculation. The 
maximum velocity of the test specimen when vibrating at 6500 
cps, with an amplitude of 0.0034 in. is only 5.8 fps, as computed 
from the sine-wave formula 


V=n7FA 
where 


V = maximum velocity 
F = frequency 
A = amplitude (full travel) 


This velocity is much too low to produce any impact forces 
sufficient to cause pitting. However, the acceleration of the test 
specimen is quite high, as is shown in Fig. 7. At 0.0034 in. ampli- 
tude of vibration, the maximum acceleration is 7300 G’s or about 
235,000 ft per sec per sec. It is possible that this high rate of 
acceleration is responsible for the forces that produce pitting. 

The most logical explanation is the theory by R. T. Knapp and 
A. Hollander (11) that bubbles form in the cavitation region 
where the absolute pressure drops below the vapor pressure of the 
surrounding liquid. They actually demonstrated by high-speed 
moving pictures that cavitation bubbles form in the liquid and 
then collapse at velocities up to 800 fps, depending upon the size 
of the bubble. These extremely high velocities of collapse pro- 
duce pressures of approximately 50,000 psi, but only over a 
microscopically small area. 

Observation of the test specimens, after having been tested at 
various amplitudes of vibration, showed that the pitted area on 
the bottom of the button, and the depth of pitting decreased with 
a decrease in amplitude. One of the reasons why the depth of 
pitting decreases with a decrease in amplitude is apparent when 
observing the test fluid in stroboscopic light. As the amplitude is 
decreased, the size of the vapor bubbles that form beneath the 
button also decreases. According to the theory of collapse of a 
vapor bubble, the smaller the bubble, the smaller the velocity of 
collapse and, therefore, the smaller the pressure produced. 

The reason for the decrease in pitted area with a decrease in 
amplitude is also apparent from observation of the test fluid 
under stroboscopic light. As the amplitude decreases, the area 
covered by vapor bubbles also decreases. This is probably due to 
the lower vacuums produced under the test button at lower ampli- 
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tudes, and therefore the formation of vapor bubbles over a 
large area is prevented by the surrounding pressure. 

Further tests are being made in an attempt to determine what 
forces are being produced under the vibrating test specimen, or 
what is actually taking place that produces the pitting. 


EFFECT OF SUBMERGENCE IN TrEst LiIQuip 


Another series of tests were made to determine the effect on the 
rate of pitting of various depths of submergence of the test speci- 
men in the fluid. Tests were made on brass and on 18-8 cast 
stainless steel at various depths of submergence from 1/ to 2 in. 

The results of these tests are shown in Figs. 8 and 9. With the 
rolled-brass specimen, the materia] removed increased 25 per cent 
with an increase of submergence from !/s to 2 in. With the 18-8 
cast stainless-steel specimen, the material removed decreased 60 
per cent with au increase of submergence from !/s to 2 in. 

On both the brass and the stainless steel, the area of the pitted 
surface on the specimens increased with an increase in submer- 
gence. However, on the brass the depth of pitting remained about 
the same for all depths of submergence, while on the stainless 
steel the depth of pitting decreased as the submergence was in- 
creased. Fig. 10 shows the pitting of brass and stainless steel at 
1/, in. submergence and at 2 in. submergence. 

The reason why only the central portion of the specimen is 
eroded or pitted is apparent when observing the test liquid with 
stroboscopic light. As the test specimen vibrates, vapor bubbles 
form near the center of the bottom of the button and flow down- 
ward to the bottom of the container in a continuous stream. 

Fig. 11 shows this action with a test specimen vibrating in oil. 
Air bubbles are also visible in the liquid. Apparently air is being 
drawn down along the side of the test button from the surface of 
the liquid. This air flows underneath the button to prevent 


IGEAIIS 


N 
x 
x 
x 
k 
6 
u 
8 
S 
0) 
© 
9 
N 


Eel eee eae | 
[isl sien some 


fe : 
DEPTH OF SUBMERGENCE 


Fie. 8 Caviration Tests ro DETERMINE Errect or SUBMERGENCE 
ON Brass SPECIMEN 


/8-8 CAST STAINLESS STEEL 
SPECIMEN 


Ca 


AFTER 120 \TINUTES OF 
TESTING 


H 
[ 
bf 
al 
iS 
a 


i 


a 
ra 


DEPTH OF SUBMERGENCE 


Fig.9 Cavitation Trsts TO DETERMINE Errects oF SUBMERGENCE 
ON STAINLESS-STEEL SPECIMENS 


(ly TRANSACTIONS OF THE ASME JULY, 1950 


Fic. 10 Brass AND STAINLESS STEEL AT !/s InN. AND 2 In. SuBMERGENCE 


RHEINGANS—ACCELERATED-CAVITATION RESEARCH 711 


Fia. 11 


SPECIMEN VIBRATING IN OIL 


formation of the vapor bubbles at the outer edges. As the depth 
of submergence of the test specimen is increased, the quantity of 
air drawn from the surface-decreases, thereby permitting the 
formation of larger pitted areas on the test specimen. This flow of 
air is not visible on any of the photographs, but close observation 
with stroboscopic light indicates that air is being drawn 
from the surface of the liquid to the bottom of the vibrating test 
specimen. 

The reason why the brass specimens pitted to the same depth 
at all depths of submergence, and why the pitting on the stainless 


steel decreased with an increase of depth, cannot be explained 
quite as easily. It might be expected that pitting would decrease 
with increased submergence, because, with increased pressure, the 
formation of vapor bubbles decreases. It is possible that the 
severity of cavitation actually did decrease with an increase in 
submergence, but that the brass specimen was so susceptible to 
cavitation that it was not very sensitive to a change in the cavita- 
tion forces. On the other hand, the stainless steel was probably 
close: to the borderline between pitting and not pitting and 
therefore was sensitive to any slight differences in the cavitation 
forces such as would occur due to an increase in the depth of sub- 
mergence. This is similar to what occurred when the amplitude 
of vibration was decreased as shown in Fig. 6. 

Further tests are being made to determine the effect of sub- 
mergence on the rate of pitting of other materials. All of the other 
tests described in this paper were made at 1!/s in. depth of 
submergence in the test liquid. 


Errect oF DirreReENtT Trst LIQuips 


One of the most interesting series of tests was made using 
different test liquids. Most of the standard tests to determine the 
relative resistance of different materials to pitting have been made 
in distilled water. S. Logan Kerr made some tests using salt 
water (2) which showed very little difference in the rate of pitting 
as compared to fresh water. 

The present series of tests used liquids such as sulphuric acid, 
hydrochloric acid, oils and water, treated with a chromate in- 
hibitor. The materials tested were brass, stainless steel, cast steel, 
and special cast irons. 

Table 1 lists the results of tests on various cast irons when 
tested in distilled water and in water treated with chromate 
(Na; CrO,). The chromate solutions were alkaline, having a pH 
number of 8.6. The chemical compositions of the five different 
cast irons tested are shown in Table 2. 

The purpose of these tests was to determine whether addition of 
an inhibitor such as chromate to water would reduce pitting. 
With the exception of the heat-treated low-alloy cast iron, none of 
the test resultsindicated that addition of chromate increased the re- 
sistance to pitting any appreciable amount. 

However, since the Brinell hardness was determined for all of 
the test specimens, it was noted that the loss of metal of the 
various materials after 120 min of testing varied with hardness. 
This is shown in Fig. 12, and, despite the fact that this curve 


TABLE 1 EFFECT OF INHIBITOR IN TEST LIQUID ON RESISTANCE TO PITTING 


Material 
Low-alloy gray iron, as cast, Rockwell A55...... 
Low-alloy gray iron, as cast, Rockwell A55...... 


Low-alloy gray iron, as cast, Rockwell A55...... 


Low-alloy gray iron, heat-treated, Rockwell A71.. 
Low-alloy gray iron, heat-treated, Rockwell A71. . 


Low-alloy gray iron, heat-treated, Rockwell A71 


Type no. 1 Ni-Resist, Rockwell A43............ 
Type no. 1 Ni-Resist, Rockwell A43............ 


Type no. 1 Ni-Resist, Rockwell A43............ 


Type no. 2 Ni-Resist, Rockwell A35............ 
Type no. 2 Ni-Resist, Rockwell A35........... 


Type no. 2 Ni-Resist, Rockwell A35............ 


Type no. 3 Ni-Resist, Rockwell A42............ 
Type no. 3 Ni-Resist, Rockwell A42............ 


Type no. 3 Ni-Resist, Rockwell A42............ 


Rate of loss 


mg per min Total loss 
during last in mg in 
Test liquid 30 min of test 120 min 
Water (distilled) 0.60 68 
0.2% chromate (NazsCrO,) 0.57 67 
99.8% water, pH = 8.6 
0.4% chromate, Na3CrOu,) 0.55 67 
\99.6% water, pH = 8.6 
Water (distilled) 0.67 59 
0.2% chromate Nae Oo) 0.36 36 
99.8% water, pH = 8.6 
0.5% chromate ee 0.32 31 
99.6% water, pH = 8.6 
Water (distilled) 0.58 136 
0.2% chromate SESE Neos 15 
99.8% water, pH = 
0.4% chromate es 0.79 122 
99.6% water, pH = 8.6 : 
Water (distilled) 1.03 166 
0.2% chromate (NasCrO«) 0.99 166 
99.8% water, pH = 8.6 
0.4% chromate (NasCrO. T.02 181 
99.6% water, pH = 8.6 
Water (distilled) 1.00 133 
0.2% chromate ONE ae 0.89 130 
99.8% water, pH = 8. 
0.4% chromate et a 0.79 115 


99.6% water, pH = 8.6 
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EMICAL COMPOSITION OF MATERIALS TESTED 
TABLE 2 CHEMIGN CHROMATE SOLUTION 


— Chemical composition, per cent——-——- 
Material? Tec Si Mn Ni Cr Cu P iS) 
-all iron 
oad pec erie) 3215, 251450064 2.17 6.08 0.08 
~all iron 
cee ra i Se be 2)514410)-64 2.17 £2 a3 0.08 0.08 
Type 1 Ni-Resist... 2.97 1.82 1.21 13.82 2.24 6.14 0.03 0.08 
Type 2 Ni-Resist... 2.74 2.32 1.20 19.98 2.00 ya) 10708170208 
Type 3 Ni-Resist... 2.47 1.81 0.71 29.75 3.00 0.08 0.08 


@ Furnished by International Nickel Company. 
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Errect or Harpness or Cast IRON ON RESISTANCE TO 
PITTING 


represents cast iron with various chemical compositions, there is a 
definite relation between hardness and resistance to pitting. 

Table 3 lists the results of tests on half-hard rolled-brass bar 
stock using various solutions of sulphuric and hydrochloric acid, 
and also oils. The first group of tests seemed to indicate that the 
greater the concentration of sulphuric acid, the greater the re- 
sistance to cavitation. In the second series, however, where 
both the water and the acid solutions were wetted to give ap- 
proximately the surface tensions of the oils used, there seemed to 
be very little difference in the resistance to pitting between dis- 
tilled water and various concentrations of acids. The biggest 
variation was found when oil was used as the test liquid. The re- 
sults showed that there was a marked drop in loss of weight of the 
test specimen when vibrated in either mineral seal oil or trans- 
former oil. A test was also made mixing the mineral seal oil with 
chloroform to increase the specific gravity and decrease the vis- 
cosity, bringing these values closer to that for water. This 
mixture showed an increase in the loss of weight of the test speci- 
men. 

Table 4 lists the results of tests on cast stainless steel, type 302. 
Again the acid solutions showed no marked increase or decrease, 
but the test in the seal oil showed a big decrease in pitting. 


TRANSACTIONS OF THE ASME 


JULY, 1950 


TABLE 3 ROLLED-BRASS ry ASTM, B-16-44, HALF- 


(Cu 60 per cent, Zn 27 per cent, PB 3 per cent, 90 Bhn) 


Rate of 
— Properties of liquid loss mg 
Surface per min Total 
Viscosity tension, during last loss in 
Specific 100 F, dynes 30 min mg in 
Test liquid gravity centistokes percm of test 120 min 
ye Gl ape 00 0.77 76.5 Be 190 
5 » 95 
tO ae. Seem Oos 0.83 76.1 1.13 174 
25% HeSOs, 75% 
HO came oon 1.20 71.2 1.44 154 
50 H2SOu, 50% 
Hote) CMe 2.99 65.5 0.73 17 
Water (wetted to 
reduce surface 
tension): Se 76%, ‘ 1.00 0.77 34.6 1.26 145 
25% He2SOs, 
HO (wetted), 6 1.226 1.20 32.0 1.27 166 
5 mo. 2 
“wetted. ‘6p iio 1-100 0.76 49.1 1.10 156 
25% As) 2 
(wetted)...-... 1.057 0.86 41.0 2.36 164 
Mineral seal oil... 0.838 * 4,98 32.3 0.010 1.2 
Mineral seal oil and 
chloroform..... 0.993 1.86 31.5 0.42 39 
Transformer oil... 0.897 10.95 34.7 0.047 4.7 
(Spec. N-2698, Sun 
Oil Company T- 
92304-6199 Sun 
X 2587) 
TABLE 4 CAST STAINLESS STEEL, TYPE 302 
(18 per cent CR, 8 per cent Ni, 0.11 per cent C) 
Rate of 
-———Properties of liquid———~_ loss mg 
Surface per min Total 
Viscosity tension, duringlast loss in 
Specific 100 F, dynes 30 min ming in 
Test liquid gravity centistokes percm of test 120 min 
Water (distilled).. 1.00 0.77 COED 0.47 35 
5% H2SOu, "o 
H2O (wetted)... 1.226 1.20 32.0 0.24 25 
25% HCl, 75% HO 
(wetted)....... 057 0.86 41.0 0.48 48 
Mineral seal oil and 
chloroform..... 0.993 1.86 31.5 0.028 2.1 


TABLE 5 CAST STEEL, FEDERAL SPECIFICATION QQ-S-681 b 
CLASS 2 MEDIUM 


Rate of 
-——— Properties of liquid———~__ loss mg 
Surface per min Total 
Viscosity tension, duringlast loss in 
Specific 100 F, dynes 30 min mg in 
Test liquid gravity centistokes percm of test 120 min 
Water. 2 ots aise 1.00 0.77 76.5 0.75 104.4 
25% HeSOs, 75% 
H20 (wetted)... 1.226 1.20 32.0 1.91 155.5 
25% HCl, 75% He' 
(wetted)....... 1.057 0.86 41.0 0.99 146.0 
Mineral seal oil and 
chloroform..... 0.993 1.86 BH. 55) 0.073 6.9 
TABLE 6 LOSS OF WEIGHT OF TEST SPECIMENS DUE TO 
CORROSION WHEN IMMERSED STATICALLY IN TEST LIQUID 
FOR 120 MIN 
Loss of 
weight 
in mgin 
“Material Test liquid 120 min 


Rolled brass, ASTM, B-16-44, half-hard. . 
Rolled brass, ASTM, B-16-44, half-hard. . 
Cast stainless steel, type 302............ 
Cast stainless steel, type 302............ 
Cast steel, QQ-S-681 b, Class 2 med..... 
Cast steel, QQ-S-681 b, Class 2 med ..... 


25% HeSOu, 75% H2O 0.3 
50% H2SO.u, 50% H2O 2.2 
25% HeSOs, 75% H2O 6.5 
25% HCl, 75% HO 5.2 
25% HeSOu, 75% H2O 51.8 
25% HCl, 75% H2O 67.3 


Table 5 lists the results of tests on cast steel. These tests indi- 
cate a definite increase in loss of weight with the acid solutions. 
However, the acid solutions have a definite corrosive effect on 
cast steel and can cause an appreciable loss of weight due to 
corrosion alone during the 2-hr test period. This static loss of 
weight of the test specimens in the acid solutions is shown in Table 
6. The brass and stainless-steel losses due to corrosion are negligi- 
ble. However, when the static loss due to corrosion for cast steel 
is subtracted from the loss of weight of the test specimens, as de- 
termined during the cavitation tests, there again is an indication 
that the acid solutions do not affect the resistance to pitting. 

The general conclusion from all of these tests is that acid solu- 
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tions do not change the cavitation forces, and there is some 
evidence that the greater the acid concentration, the smaller the 
amount of pitting. On the other hand, when the test specimens 
are vibrated in oil, the weight loss is greatly reduced. The ex- 
planation for this phenomenon is not quite clear. However, Dr. 
W. A. Wey] and F. C. Marbae (12) have suggested that water 
molecules can be fractured under high negative pressures such as 
are present where cavitation occurs, and produce a solution of 
H* and OH~ ions. This is comparable to a combination of a 
strong acid and a strong base, which produces strong corrosion. 
If this theory is correct it will explain why the pitting of metals 
decrease as the acid concentration is increased, since the water 
molecules available to be fractured decrease. It will also explain 
the exceedingly large decrease in pitting when the metals were 
vibrated in oil. However, it will not explain the pitting of such 
materials as glass and rubber. Therefore further investigations 
along these lines are required before any definite conclusions can 
be reached. 

Tables 7 to 19, inclusive, list practically all of the materials 
tested in the accelerated-cavitation machine. These ma- 
terials were tested at a depth of immersion of !/s in. in distilled 
water at 6500 cps with a total travel amplitude of 0.0034 in. 

Each specimen was tested for a total period of 120 min, but the 
loss in weight was determined every 30 min. 


Cast AND ROLLED STAINLESS STEELS 


Table 7 lists tests on a number of cast stainless steels, which in- 
dicate quite a variation in resistance to pitting. Even cast stain- 
less steels of the same type but cast in different foundries show 
considerable variation in their resistance to pitting. For exam- 
ple, cast stainless-steel type 302, which contains 18 per cent 
chrome and 8 per cent nickel, showed losses of 12, 22, and 35 mg, 
respectively, as furnished by three different foundries. This is a 
maximum variation of 300 per cent in the resistance to pitting. 
Some of these variations may be due to the materials being cast 
for different purposes. Other causes for variations are the carbon 
content of the steel, where the specifications for a particular type 
permit a wide variation in carbon. The heat-treatment of the 
casting and the hardness of the material also affect its resistance to 
pitting. 

Table 8 lists the results of tests on a 12 per cent and a 13 per 
cent chrome cast steel with varying Brinell hardness. Fig. 13 
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TABLE7 MATERIALS TESTED IN ACCELERATED-CAVITATION 
MACHINE 


Rate of 
loss, mg 
per min Total 
during last lossin 
‘ 0 min mg in 
Specimen no, Material of test 120 min 
Cast Srarinuess STEELS 
159... 18% Cr, 8% Ni, 0.12% C, Type 3022 0.19 12 
WOES a YA ee 8% Ni, 0.12% C, Type 3022 0.18 13 
137... 27% Cr, 10% Ni, 0.26% 6, Type 312 0.18 13 
108... 12% Cr, 0.10% C, Type 41 0 0.21 22 
106... 18% Cr, 8% Ni, 0. 10% C, Type 3026 0.27 22 
MOV ies, YA Cr, 12% Ni, 0.10 C, "Type 316 0.25 24 
US PICA ee 10% Ni, 0.11% C, Type 307 0.38 31 
168... 18%C ee 8% Ni, 0.11% C, Type 304¢ 0.45 33 
167... 18% Cr, 8% Ni, 0.11% C, Type 302¢ 0.47 35 
WAN SBR KG MD PLYZ, iC; Type 4208 0.40 38 
169 or Type 327¢ 0.50 53 
170... 13% Cr, 0.12% C, Tepe 410¢ 0.55 59 


2 Cast by Midvale. 


b Cast by B Floyd Co. 
Ludlum. EN ae Be 


© Cast by Allegheny 


TABLE 8 MATERIALS TESTED IN ACCELERATED-CAVITATION 
MACHINE; CAST STAINLESS STEELS—EFFECT OF HARDNESS 


Rate of loss, Total 

——Material—— mg per min loss in 

Specimen i during last mg in 

no. per cent Bbn 80 min of test 120 min 

182 haiysteaus 12 302 0.20 20 
196 bicrecbiets 13 302 0.26 25 
1946 13 235 0.43 49 
1956 13 241 0.39 51 
1812 12 225 0.55 54 
193d... 13 229 0.46 57 
1926... 13 207 0.51 70 
1802 12 167 0.73 141 


* Cast by Ohio Steel. b Cast by Allegheny Ludlum. 


shows the loss in milligrams during a 2-hr test in the accelerated- 
cavitation machine plotted against Brinell hardness. For both 
the 12 per cent and the 13 per cent chrome steels, the test speci- 
mens were taken from the same castings, and the variation in 
Brinell hardness was obtained entirely by changing the heat- 
treatment of the two materials. These tests show the large effect 
that hardness of a material has on its resistance to pitting. 

The large variations in resistance to pitting of the different cast 
stainless steels indicate the necessity for constant checks on such 
material when used in hydraulic machinery to assure that the de- 
sired resistance to pitting is being obtained. 

Table 9 lists the results of tests on rolled annealed stainless 
steel. The wide variation in resistance to pitting of the two 
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TED IN ACCELERATED-CAVITATION 
STAINLESS STEELS 


Rate of 
loss, mg 
per min Total 
anne last loss in 
i Material min mg in 
ot me, of test 120 min 
105. 18% Cr, 8% Ni, 0.12% C, Type 302 0.107 8.0 
a 18%, Cr, 8% Ni, 0.12% C, Type 302 0.33 32 


rolled stainless steels of the same type is another reason for the 
necessity of making careful accelerated cavitation tests on all 
materials of this type before using them for the purpose of re- 
sisting pitting. 


WELDED STAINLESS STEELS 


Table 10 lists the results of tests on welded stainless steels. 
These tests also show a wide variation in resistance to pitting, de- 
pending upon the type of material used. 


TABLE 10 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; WELDED STAINLESS STEELS 
Rate of loss, Total 
mg per min loss in 
i during last mg in 
Bee 9 Material 30 min of test 120 min 
16% Cr, 7% Ni, 2 layers 0.057 9.4 
19% Cr, 9% Ni-Cb, 1 layer 0.18 13 
Lincoln A5 0.23 27 
Stelco 604 0.23 27 
19% Cr, 9% Ni-Cb, 2 layers 0.83 36 
25% Cr, 12% Ni-Cb 0.43 36 
130x Goto Rob Pade 0.36 37 
25% Cr, 1 i-Cb, lst layer : 
Oe Cr, 9% Ni-Cb, 2nd layer 0°50 41 
Lincoln Aerisweld AE-124K 0.55 55 


TABLE 11 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; WELDED STAINLESS STEELS—- 
EFFECT OF PREHEAT ON BASE METAL 


Rate of 
loss, mg 
per min Total 
during last loss in 
Specimen in mg in 
no. Material of test 120 min 
188... 18% Cr, 8% Nion12% Cr. Cast steel, 
preheated to 600 F 0.095 7.6 
186... 18% Cr, 8% Ni, on 12% Cr. Cast steel, 
no preheat 0.099 Mei 
187... 18% Cr, 8% Ni, on 12% Cr. Cast steel, 
preheated to 400 F 0.082 8.0 
184... 12% Cr, on 12% Cr. Cast steel, pre- 
heated to 400 F 0.15 13 
185... 12% Cr, on 12% Cr. Cast steel, pre- 
heated to 600 F 0.16 14 
183... 12% Cr, on 12% Cr. Cast steel, no pre- 
heat 0.18 16.8 


Table 11 shows the results of tests on welded stainiess steels 
when welded to 12 per cent chrome, either preheated or not pre- 
heated. These tests show that preheating of the base metal has 
very little effect on the resistance to pitting of the welded de- 
posit. 

Table 12 lists the results of tests on various welded stainless 
steels and on various combinations of welded layers. The chro- 
mium and nickel contents refer to the commercial weld-rod 
designation and do not refer to the chemical analysis of the weld 
deposit. One object of this series of tests was to determine the re- 
sistance to pitting of different types of stainless-steel welds. 
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Another object was to determine the effect of one and two layers 
of weld and of various combination of materials on the re- 
sistance of pitting. In each case the base metal consisted of cast 
steel, conforming to Federal specification QQ-S-681b, Class 2, 
medium. 

The results indicate that of the three types of chromium-nickel 
steels tested, type 301, with 17 per cent chromium and 7 per cent 
nickel, gave the highest resistance to pitting. There again ap- 
pears to be a definite relationship between hardness of the ma- 
terial and its resistance to pitting, since type 301 had the highest 
Brinell. 

The tests also show that two layers of type 301 weld are better 
than one layer, although the single layer had a higher Brinell 
hardness than two layers. This may be due to other characteris- 
tics of the welded material, since it is certain that the first layer is 
contaminated by the base metal and therefore its characteristics 
probably change materially while cooling. 

An additional indication of such contamination is shown where 
a first layer of type 309 with a second layer of type 301 had less 
hardness and considerably less resistance to pitting than two 
layers of type 301. 

The 18 per cent chromium, 8 per cent nickel stainless steel, type 
308, did not seem to become contaminated very much by either 
the base metal or a first layer of type 309, but it had considerably 
less resistance to pitting than type 301. 

One definite conclusion that can be made from this series of 
tests is that a first layer of type 309 has no beneficial effects on the 
resistance to pitting and, in the case of type 301, definitely lowers 
this resistance. 

Since a lot of welded stainless-steel repairs and overlays are 
being made, using type 309 as a first layer, it was decided to de- 
termine whether this material had any other beneficial effects. 
One of the dangers of stainless-steel welds is that they may pro- 
duce brittleness in either the weld deposit or in the base metal. A 
measure of brittleness is the bend test. Therefore, in preparing 
the test specimens for this series of tests, the weld was deposited 
on cast-steel bars 1 in. wide X 8 in. long X 1 in. thick. The cast 
steel conformed to Federal specification QQ-S-681b, Class 2, 
medium, which is a steel commonly used for hydraulic-turbine. 
runners. In making the welds, only standard commercial weld 
rods were used. 

The bend tests showed that in each case two weld layers gave a 
greater bend angle and therefore greater ductility than a single 
layer. Use of type 309 as a first layer did not increase the bend 
angle compared to any of the other two materials. However, two. 
layers of type 308 had a higher bend angle than two layers of type 
301. 

The conclusion from these tests is that type 309 stainless steel. 
as a first layer does not improve the characteristics of the weld. 
Although two layers of type 308 had greater ductility than two 
layers of type 301, this was more than offset by the greater re- 
sistance to pitting of type 301. 

All of these tests indicate that for all welding repairs and all pre- 
welding of hydraulic-turbine machinery, two layers of stainless 
steel should be used and, if it is desired to obtain the maximum 


TABLE 12 MATERIALS TESTED IN ACCELERATED-CAVITATION MACHINE; WELDED 
STAINLESS STEELS—VARIATION IN LAYERS 
Rate of loss, 
Tae mg per min Total loss, 
Specimen F during last in mg in 
no. Material Bhn 30 min of test 120 min, 
First layer of weld Second or final layer of weld 
203.... 17% Cr, 7% Ni, Type 301 308 0.098 10 
201.... 18% Cr, 8% Ni, Type 308 160 0.28 23 
198.... 25% Cr, 12% Ni, Type 309 agele 145 0.36 26 
204.... 17% Cr, 7% Ni, Type 301 17% Cr,7% Ni, Type 301 255 0.075 6 
199.... 25% Cr, 12% Ni, Type 309 18% Cr, 8% Ni, Type 308 145 0.36 31 
202.... 18% Cr, 8% Ni, Type 308 18% Cr, 8% Ni, Type 308 151 0.35 33 
200.... 25% Cr, 12% Ni, Type 309 17% Cr, 7% Ni, Type 301 175 0.40 35 
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resistance to pitting, type 301 stainless-steel weld rods should be 
used, 


SPRAYED STAINLESS STEELS 


Table 13 lists the tests on various sprayed stainless steels. 
These tests indicate that although some of the sprayed stainless 
materials had a resistance about equal to cast steel, others pitted 
very rapidly. These differences are probably due largely to the 


TABLE 13 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; SPRAYED STAINLESS STEELS 
Rate of loss, Total 
mg per min loss in 
Specimen during last mg in 
no. Material 30 min of test 120 min 
12 Sere Metco Metcaloy No. 2 0.57 72 
L1gse... Metco Metcaloy No. 1 0.50 98 
112 oe 18% Cr, 8% Ni, Type 302 0.61 187 
116 See 13% Cr, Type 420 0.70 192 
179 Seer Metcaloy No. 2 1.33 216 


method of application of the sprayed metal, which accounts for 
the variance in field reports as to their effectiveness. 
number of the test specimens had to be scrapped before the 2-hr 
test period was completed, because the sprayed metal would 
separate from the base. The high acceleration (about 7300 G’s) 
of the vibratory test is a severe test on the adhesion of the 
metal. ; 

If the sprayed material is applied carefully it seems to have 
about the same resistance to pitting as cast steel, but considerably 
less resistance than a properly welded stainless steel. In general, 
the application of sprayed metal is cheaper than welding with 
mild or stainless steel, and it sometimes proves to be a satisfactory 
means of repair where pitting is not very severe, and where speed 
of application and low initial costs are a factor. 


Cast STEELS 


Table 14 lists the results of tests on the cast steel most com- 
monly used for hydraulic-turbine runners. The tests on three 
castings from 3 different foundries do not show any appreciable 
variation. 


TABLE 14 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; CAST STEELS 


Rate of 
loss, mg 
per min Total 
during last loss in 
Specimen 0 min mg in 
no. Material of test 120 min 
178...... Fed. Spec. QQ-S-681 b Class 2 medium 1.09 88 
158; eee Fed. Spec. QQ-S-681 b Class 2 medium OuZS 104 
118...... Fed. Spec. QQ-S-681 b Class 2 medium 0.70 105 


Amepco BRONZES 


Table 15 lists an interesting series of tests on Ampco bronzes. 
Ampco is the trade name for a bronze with an aluminum content 
varying from 10 to approximately 14 per cent. The Brinell hard- 
ness increases as the aluminum content increases. The results of 
the tests on the cast bronzes show that some of them have twice 
the resistance to pitting compared to the best stainless-steel cast- 
The welded bronzes also show a remarkable resistance to 


ings. 
pitting. Fig. 14 shows cast and welded Ampco bronze test 
specimens. Fig. 15 shows how the resistance to pitting of these 


materials varies with hardness. This curve indicates that while 
the resistance to pitting increases with hardness, there is a maxi- 
mum point beyond which resistance to pitting decreases with in- 
creased hardness. 

Unfortunately, there is very little information with reference 
to how these bronzes, either cast or welded, stand up under field 
conditions, which is really the final criterion. The author knows 
of only one instance where Ampco bronze was used on a hy- 


Quite a 
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TABLE 15 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; BRONZES 
Rate of 
loss, mg 
per min Total 
, during last loss in 
Specimen 30 min mg in 
no. Material Bhn of test 120 min 
Ampco RouuED BRONzES ‘ 
111... Ampco no, 18 (Extruded) 190 0.15 12 
Ampco Cast BROoNZES 
160... Ampco no. 20 235 0.095 5.8 
161... Ampco no, 21 285 0.080 6.2 
162... Ampco no. 22 340 0.115 9.5 
125... Ampcoloy 46 190 0.113 959 
124... Ampco no, 18 170 0.12 12 
121... Ampcoloy A3 130 0.27 22 
Wetpep Ampco BRoNnzES 
163... Ampcotrode 200 on SAE 1010 steel 220 0.062 3.2 
164... Ampcotrode 250 on SAE 1010 steel 260 0.075 5.3 
126... Ampcotrode 160 onSAE 1010 steel 185 0.107 5.2 
127... Ampcotrode 160 on Ampco 18 185 0.093 5.9 
165... Ampcotrode 300 onSAE 1010 steel 320 0.100 9.5 
128... Ampcotrode 160 on Ampcoloy 46 180 0.23 20 
123... Ampcotrode 10 on SAE 1010 steel 140 0.28 24 
122... Ampcotrode 10 on Ampcoloy A3 140 0.39 31 
Nore: Materials furnished by Ampco Co. 


draulic-turbine runner. In this case Ampco bronze patch plates 
were alternated with ordinary bronze on the back sides of the 
blades of a hydraulic-turbine runner. After a period of opera- 
tion the ordinary bronze patch plates had pitted to a considerable 
extent, while the Ampco bronze showed very little sign of pitting. 

Certainly the tests of the Ampco bronzes in the accelerated- 
cavitation machine warrant experimenting with this material in 
field installations. 


Cou_MoNnoy 


Table 16 lists tests made on welded Colmonoy. The tests show 
that some types of welded Colmonoy have a high resistance to 
pitting. 

Table 17 lists Colmonoy sprayed onto a base and then fused on 
at a temperature of 1850 F. These tests show that some of these 
materials also have a high resistance to pitting. 

Colmonoy is a trade name for a material consisting primarily 
of iron, nickel, chromium, borium, silicon, and carbon. Before 
applying Colmonoy as a spray, the base metal is thoroughly grit- 
blasted. The Colmonoy is then sprayed uniformly over the 
grit-blasted area to a thickness of approximately 0.060 in. The 
sprayed area is then heated with an oxyacetylene flame or in a 
heat-treating furnace to a temperature of 1850 F. Colmonoy has 
the property of becoming very plastic at this Uae ee a) thereby 
fusing itself to a grit-blasted area. 

The author knows of no field tests on this material, but based 
on the results in the accelerated-cavitation machine, it merits 
consideration. One advantage is the ease of application, whereby 
the material is sprayed on and then fused with a torch or in an 
oven. However, the fusing process presents the problem of 
possible distortion of the base metal. The cost of the Colmonoy 
material also may be a deterrent to its general use in the preven- 
tion of pitting. 

Several test buttons were prepared by spraying Colmonoy to a 
base, but eliminating the fusing process. It was impossible to 
obtain any pitting data on these specimens because the sprayed 
material separated from the base during the vibration tests. 


THIOKOL RUBBER 


Table 18 lists tests made on Thiokol rubber sprayed on various 
materials used for a base. The test specimens were prepared by 
the U.S. Navy. The loss of weight of the test specimens is not 
a very satisfactory means for determining the relative resistance 
of rubber because of its low specific gravity compared to metal. 
However, visual inspection of the test specimens indicated that 
the rubber overlay gave considerable resistance to pitting. Fig. 
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Fie. 15 Errect or Harpness or AMpco BRoNzpS ON RESISTANCE TO PITTING 


TABLE 16 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; WELDED OVERLAY? 


Rate of loss, Total 
: mg per min loss in 
Specimen during last mg in 
no. Material 30 min of test 120 min 
148 02 Colmonoy WER-100, arc-welded 0.043 6.0 
145°. = Colmonoy no. 6, arc-welded 0.070 8.4 
129). Colmonoy—2 layers, gas-welded 0.20 19 
130.203 Colmonoy—1 layer, gas-welded 0.24 23 
1472). 8 Colmonoy no. 5, are-welded 0.18 23 
146..... Colmonoy no. 4, arc-welded 0.21 29 


2 “Colmonoy’’ furnished by Wall Colmonoy Company. 


TABLE 17 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; COLMONOY SPRAYED AND FUSED 


TO BASE } 
Rate.of loss, Total 
% mg per min loss in 
Specimen during last mg in 
no. Material 30 min of test 120 min 
&. 
144 22S Colmonoy no. 6 ies 0.064 8.0 
156... Colmonoy no. 6 ye 0.092 9.5 
143)... : eee Colmonoy no. 5 0.19 16 
141..% ee Colmonoy no. 4 0.31 30 
151)... Colmonoy, sweat-on-paste 0.32 30 
are application 
150 ).3)..-gaeee Colmonoy, sweat-on-paste 0.38 34 
QXI-acetylene application 
TABLE 18 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; THIOKOL RUBBER? 
Rate of loss Total 
mg per min loss in 
Specimen during last mg in 
no. Materials 30 min of test 120 min 
Navy no. 2.. Flame-sprayed on stainless steel 0.17 26 
Navy no. 4. Flame-sprayed on stainless steel, 
weld inlay 0.16 28 
Navy no. 10. Flame-sprayed on manganese bronze 0.18 30 
Navy no. 8.. Flame-sprayed on mild welded steel 0.14 31 
Navy no.6.. Flame-sprayed on mild steel 0.16 33 


? Furnished by U. S. Navy. 


16 shows several of the rubber overlays after 2 hr of testing in the 
accelerated-cavitation testing machine. These illustrations show 
how the center of the rubber overlay is eroded down to the base 
metal. The composition of the base metal apparently has very 
little influence on the resistance of the rubber to pitting, as is indi- 
cated in Table 18. 

The U.S. Navy has used this rubber overlay with considerable 


success on propeller shafts, rudders, and struts of naval vessels 
where pitting was being encountered. One of the important 
features of the successful use of rubber overlays is proper applica- 
tion. The U.S. Navy sandblasts the base metal to obtain a clean 
surface. The metal is heated to a temperature somewhat above 
the surrounding air temperature. The rubber is then sprayed on 
with a gun, using the powder and gun developed by the Schori 
Process Corporation. 

The results of the tests in the accelerated-cavitation machine, 
and the results obtained by the Navy under actual operating con- 
ditions, indicate that it might be desirable to investigate the per- 
formance of this rubber when used for hydraulic-machinery parts 
subject to pitting. 


MIscELLANEOUS MATERIALS 


Table 19 lists some miscellaneous materials tested in the 
accelerated-cavitation machine. These include the base metals 
used by the Navy in connection with Thiokol rubber overlays. 
This table shows that stellite has by far the greatest resistance to 
pitting of all of the materials tested,. which agrees with the re- 
sults obtained in other accelerated-cavitation machines. 

The stellite used in the present test was a rolled material con- 
sisting of 55 per cent cobalt, 33 per cent chrome, and 6 per cent 
tungsten, with a Brinell hardness of about 410. The stellite was 
brazed to the base metal with silver solder. Stellite can be ob- 
tained as a casting and also can be applied by welding. Its dis- 
advantage for ordinary hydraulic machinery is its high cost, and 


TABLE 19 MATERIALS TESTED IN ACCELERATED- 
CAVITATION MACHINE; MISCELLANEOUS MATERIALS 


Rate of loss, Total 
mg per min loss in 
Specimen during last mg in 
no. Material 30 min of test 120 min 
Special..... Stellite, Haynes no. 6, Rolled, Bhn 
410 0.017 0.60 
166..... Nitraloy—Holcomb no. 218 0.07 14 
Navy no.3. Welded stainless steel 0.35 28 
Navy no. 1 Stainless steel 0.46 47 
Navy no. 9 Manganese bronze 0.70 80 
Navy no.7. Welded mild steel 0.79 97 
Navy no.5. Mild steel 0.78 107 
119..... Brass, 70% Cu, 30% Zn 1.1t 156 
20). 5.:ssaves Rolled brass B-16-44 half-hard bar 
stock used for standard to check 
cavitation machine, Cu 60%, Zn 
27% Pb 3%, Bhn 90 1.01 162 
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the difficulty of machining and grinding it because of its extreme 
hardness. However, it has been used successfully for steam-tur- 
bine blading where the erosion problems are somewhat similar to 
pitting in hydraulic turbines. 


CONCLUSIONS 


The tests on variation in amplitude of vibration, on variation 
in depth of submergence and with various liquids, answered 
some of the questions regarding the phenomena of cavitation. 
Although these tests were not always conclusive, they indicated 
the type of additional investigations that should be made. 

The standard accelerated-cavitation tests were made mostly on 
standard trade materials to determine the qualities of materials 
readily available to the industry. These tests showed the follow- 
ing: 


1 That new materials such as the Ampco bronzes, Colmonoy, 
‘Thikol rubber, and others, which are constantly being developed, 
might be suitable for hydraulic machinery and might have a dis- 
tinct advantage over the materials now in use. 

2 That the practical application of the materials, such as 
number of layers to be used when making repairs by welding or 
when prewelding, influences the resistance to pitting whereas pre- 
heating the base metal has very little effect on the resistance. 

38 That hardness has a definite effect on resistance to pitting 
regardless of the material being used. 

4 That it is desirable to make accelerated-cavitation tests on 
the special materials, particularly stainless steels, to insure ob- 
taining the requisite resistance to pitting. 

The results of all of the tests showed that the accelerated- 
cavitation machine can be used to: 


1 Make further investigations on the phenomena of cavita- 
tion. 

2 Test new materials and new techniques of application of 
materials for their relative resistance to pitting. 

3 Test samples of all special materials to determine their re- 
sistance to pitting to avoid the wide variation of these qualities 
when the materials are obtained from different sources. 


Although items 2 and 3 constitute practically a full-time test 
program for an accelerated-cavitation machine, any suggestions 
as to how it can be used for advancing the knowledge of the 
mechanics and phenomena cf cavitation and pitting are wel- 
comed. 
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Discussion 


T. BaumetsTerR.’ This is the kind of document which adds 
greatly to our store of knowledge on a problem which is by no 
means limited to the field of hydraulics, or more particularly, the 
hydraulic turbine. The hydroelectric engineer probably has 
recognized the problem of cavitation for a longer period than have 
most other engineers. Likewise, he has tried to do something 
about it. He has not stood by waiting for someone to develop a 
solution. 

This whole problem, however, of the aging and wasting of 
metals is one to which we must address ourselves more aggres- 
sively. The design of boilers has been changed radically in the 
last few years because of fly-ash-erosion problems which were 
formerly nonexistent or not recognized. Cavitation on water- 
wheels is one thing, but so is cavitation on (a) centrifugal and 
axial-flow pumps; (0b) at the entrance to tubes in closed feedwater 
heaters or surface condensers; or (c) on rayon spinnerets. The 
examples are myriad. The pitting which results from cavitation 
must be met in a rational, practical way. 

The contribution in the author’s work is appreciated. His 
meticulous studies show the many variables which can influence 
this phenomenon. The accelerated technique should be of value 
to designers and users of equipment. 

Criticism might be directed to the method, because it does not 
give absolute or thoretical values. It is in somewhat the same 
category as grindability testing devices; hardness testers; 
viscosimeters, and numerous other instruments. They all give 
useful data. The data obtained by the author’s method should 
prove equally valuable, and it is to be hoped that he will con- 
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tinue and extend his researches so that those of us who are con- 
cerned with attempting to correct the ill effects of cavitation will 
have better assurances of success. 


R. C. Guazesroox.! The writer fears that as written the 
author’s definition of cavitation may cause some confusion in the 
minds of some readers as to the difference between separation and 
cavitation. To the writer, cavitation, as defined, sounds more like 
separation. A more foolproof definition would be to state that it is 
a phenomenon occurring when the absolute pressure has been re- 
duced to or below the vapor pressure of the liquid being handled 
so that the liquid flashes into the gaseous form, followed by a sub- 
sequent increase in pressure, resulting in a collapse of these 
cavities, which may be termed an implosion (the opposite of an 
explosion), a destructive shock phenomenon resulting in reduced 
performance, noise, and pitting. 

The author’s results show clearly that resistance to cavitation 
is definitely affected by the hardness of the materials, the harder 
materials being appreciably more resistant to cavitation. While 
not entirely confirmed by test, we have a somewhat conclusive 
suspicion that this is brought about by the finer grain size of the 
harder materials. It might be well to offer this as a possible ex- 
planation for this increased resistance with the harder materials 
and draw forth some opinion on the subject which would be 
mutually helpful to the hydraulic profession in general. 


W. R. MacNamesr.® Another source of damage to hydraulic 
equipment which frequently combines with cavitation is erosion. 
This is usually not serious as long as clear water is used, but when 
water at high velocities also carries in suspension hard material, 
such as sand, damage can be very rapid and severe. 

Such conditions are not uncommon in South America, where the 
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volcanic nature of much of the country, plus a rainy season of 
heavy and prolonged rainfall, combine to carry off large quantities 
of very finely divided solids of an abrasive nature. 

The writer’s company and the Braden Copper Company have 
been engaged in a program of materials testing to evaluate both 
standard and new materials under cavitation and erosive con- 
ditions. © 

The test program was carried out at the Pangal Plant of the 
Braden Copper Company, in Chile, where the nature of the water 
flow varies from clear water in the dry season to water heavily 
laden with silt in the rainy season. 

By subjecting samples of various materials to a high-velocity 
jet of clear water, the resulting damage could be considered due to 
cavitation. During the rainy season, when turbid water was used, 
the rate of removal of test material was 5 to 10 times as great, and 
was no doubt due to erosion by the sand particles. 

Fig. 17,’ herewith, shows the arrangement of test equipment, 
with and without the jet in operation. . 

A jet of water !/, in. diam under 650 psi pressure was directed 
against the test specimen. The angle between the jet and the 
test specimen was 15 deg. A hole 1/, in. diam was purposely 
placed in each specimen at the point of impingement to produce 
severe cavitation. The two spots on the specimen downstream 
from the hole are typical of the patterns produced by cavitation 
in the clear-water tests. When tests were made with turbid water, 
the damaged area usually showed a smooth, though irregular sur- 
face, quite different from the characteristic pockmarks of cavita- 
tion. 

For metals, the time of exposure to the jet varied from a few 
hours for the soft steels to 20 days for the hardest alloys. 

As might be expected, the hard, strong materials were most re- 
sistant to erosion as well as to cavitation. The Colmonoy alloys, 
mentioned by the author, were outstanding in their excellent re- 
sistance to erosion. In general, materials showing good resistance 
to cavitation in the clear-water tests also performed well under 
erosive conditions with turbid water. 


Fig, 17 ARRANGEMENT oF Equipment ror Testine Errect or Hicu-Pressure Jer ImprinaeMent Ustne Chunar WATER AND TURBID 
WaTrR FoR HRosive Errecr 
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It was noted, however, that 18-8 stainless steel, which resisted 
‘cavitation far better than mild steel, performed but little better 
when erosion was combined with cavitation. It may be that the 
ability of 18-8 to work-harden was an important factor in this 
result. The repeated blows sustained under cavitation conditions 
may produce local work-hardening to a much greater degree than 
the cutting action of sand particles in the water. 

The straight chromium steels of about 14 per cent chromium, 
heat-treated, were especially good in resisting erosion. 

As tested here, rubber proved completely disappointing. Two 
samples, consisting of !/s-in. rubber, vulcanized to steel plate 
under factory conditions, were tested with clear water only. Each 
failed in less than 1 min. Each time a strong odor of burned 
rubber was noticeable, and bits of rubber in the pit had the 
appearance of being charred. It appears that impingement of the 
jet produced sufficient working of the rubber to cause destructive 
internal heating. 

One unexpected variable developed in these tests when it was 
discovered that the rate of pitting and erosion varied with 
barometric pressure, low pressure definitely accelerating removal 
of material. 

It would be interesting to know if the author has detected any 
such correlation in his tests. Variation in barometric pressure 
would exceed considerably the variation in depth of submergence 
shown on the author’s Fig. 8, although whether the variations 
shown there are due to the static-pressure change or variations in 
entrained air is not clear. 

It is noted that the author makes no mention of tests of hard 
steels other than the stainless varieties. Such tests would round 
out the study in so far as materials commonly available are con- 
cerned. 

At the present time there exists quite a gap between the ex- 
istence of highly resistant alloys and their practical use, due not 
only to cost, but to the difficulty of applying them to the surfaces 
to be protected. In some cases, the necessity of obtaining a 
reasonably smooth surface after application is a difficult require- 
ment. 

These problems no doubt will decrease as improved techniques 
in the handling of these materials are developed, leading to 
longer and more reliable performance of hydraulic machinery. 


H. S. Van Parrer.’ It is most interesting to compare the 
cavitation damage rates reported by the author with those re- 
ported in 1937 by S. L. Kerr and J. M. Mousson. The author 
shows much greater variations than found by Kerr with similar 
apparatus in the performance of particular materials from dif- 
ferent sources. The loss rate for stellite is only 10 per cent of the 
lowest and about 1 per cent of the highest loss rates for the various 
stainless steels, whereas Mousson, using Venturi-type equipment, 
reported losses with stellite to be of the same order as with stain- 
less steel. The author’s results for aluminum bronze are some- 
what better than reported by Kerr, but the check is quite good, 
and the excellent performance of type 301 stainless steel checks 
well with Mousson’s findings. 

The writer would appreciate some further comments from the 
author regarding his observation of the vapor bubbles at the 
specimen surface under stroboscopic lighting. Does one large 
bubble or a collection of small bubbles form over the area of 
damage with each upward movement of the specimen? What is 
the maximum size of these bubbles under the normal test con- 
ditions? Can the complete or partial collapse of the bubbles be 
observed by changing the phase of the light flashes gradually in 
relation to the movement of the specimen? 

The effects of increasing the submergence in the test liquid are 
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rather surprising in degree if not in character. The writer sug- 
gests that the increase in damage area with increasing depth is due 
not to varying air content but to the greater inertia of the greater 
depth of water surrounding the specimen and supporting tube, 
which would reduce the rates of vertical and horizontal flow at 
the periphery of the test surface and allow the pressure over. a 
larger area to drop below the vapor pressure. 

With reference to the author’s remarks concerning the effect of 
variation of the amplitude of vibration, it is indicated that tests 
were made under conditions which showed no pitting on some 
materials and measurable pitting on others. Has the author been 
able to determine the amplitude at which pitting begins for the 
various materials tested? This might give another measure of 
relative resistance to pitting, possibly bearing a closer relation to 
the performance under field conditions than the maximum rate of 
loss. 

The author states, “all of these tests indicate that for all weld- 
ing repairs and all prewelding of hydraulic turbine machinery, two 
layers of stainless steel should be used and if it is desired to obtain 
the maximum resistance to pitting, type 301 stainless-steel weld 
rods should be used.” This is a surprising statement considering 
the excellent results with single-layer 301 stainless, the Ampco 
bronzes, and stellite. 


B. G. Rigurmire.’ The experiments on the effect of amplitude, 
depth of immersion, and kind of liquid raise a number of interest- 
ing questions that the author has discussed qualitatively. In 
particular, he has suggested that air drawn in from the free sur- 
face reduces the damaged area more and more as the depth of im- 
mersion decreases. This explanation appears unlikely to the 
writer, for two reasons: (a) The air bubbles, which appear initially 
under the vibrating specimen, do not continue to form after dis- 
solved gas has been partially removed, as by an extended period 
of vibration. (b) At small depths of immersion the free surface of 
the liquid near the vibrator is elevated slightly, indicating a mean 
pressure at the rim of the specimen greater than that at the same 
depth in the distant liquid. 

In the writer’s opinion, the flow set up by the vibrator suffices 
to explain the observed effects of depth of immersion. This flow 
can be visualized by imagining the vibrating member to be re- 
placed by a pipe which alternately injects and removes liquid. 
When removing liquid, the pipe acts approximately like a point 
sink, that is, the flow tends to be radially inward toward the open 
end of the pipe. On the other hand, when the pipe discharges 
liquid, a jet is formed, separated by a surface of discontinuity of 
velocity from the surrounding liquid. The rapid alternation of 
these two tendencies results in a general circulatory flow exhibit- 
ing a high outward velocity along the normal to the vibrating sur- 
face, and a low return velocity along the walls of the container, in 
accordance with the requirements of continuity. 

If the depth of immersion is small compared with the diameter 
of the vibrating member (!/s-in. immersion), the velocity field of 
this circulation will be as shown in Fig. 18(a) of this discussion. 
Fig. 18(b) shows the velocity field if the depth is large compared 
with the diameter (2-in. immersion). The chief difference be- 
tween these two fields is at the rim of the specimen, where the 
the tendency for separation when the specimen moves upward is 
obviously greater in Fig. 18(b). One would thus expect the 
damaged area to be greater, the larger the depth of immersion. 

Further tests along these fundamental lines can be planned and 
analyzed more effectively if the independent variables that are 
suspected to be of greatest importance are listed, and a dimen- 
sional analysis made. Thus one may assume here that for a 
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Fie. 18 Intustratinc Errect or DeptH oF IMMERSION ON FLOW 
PaTrTeRN AT SPECIMEN 


given air content and a given material, the independent variables 
are as follows: 


a = amplitude of vibration, in. 
f = frequency of vibration, cps 
p = density of liquid, lb sec?/in.* 
p —p, = difference between pressure at specimen and vapor 
pressure of liquid, psi 


y = kinematic viscosity of liquid, in.?/sec 
d = diameter of specimen, in. 
h = depth of immersion, in. 


The dependent variable may be conveniently taken as the vol- 
ume loss of the material at the end of a given period of vibration, 
V. A dimensional analysis shows that one possible arrangement 
of the variables is 


\ fi, WEP OL Ip 
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Two series of tests probing the effect of the first two dimension- 
less variables (cavitation number and Reynolds number) were 
made several years ago at M.I.T. It is hoped that the results will 
soon be released for publication. 


C. G. Sourumaynp.® The test data presented by the author isa 
welcome supplement to the investigations undertaken by J. M. 
Mousson and 8. Logan Kerr some 12 years ago, in the determina- 
tion of the resistance of various then available materials to the 
action of pitting. The advisability of, and necessity for, con- 
tinual research of this type, particularly in the appraisal of new 
materials and techniques, cannot be questioned. The fact that it 
is possible to produce the phenomena of the cavitation in the 
laboratory, and so closely to parallel field experience is of special 
interest to the writer. This is particularly so when the apparatus 
does not in any way attempt to duplicate conditions under which 
cavitation is encountered in practice and yet affords a means 
whereby the effect of cavitation can be intensified and the relative 
resistance of different materials thereto appraised accurately. 

For many years it has been suggested that the destructive 
action of pitting is at least partiaily due to chemical activity of 
the gases within the cavities, but the present investigations ap- 
pear to confirm more recent theories which attribute the destruc- 
tive action to mechanical forces alone. 

In the discussion relative to the effect of the depth of submer- 
gence of the specimen in the test liquid, attention is drawn to the 
tendency for air to be carried down along the side of the test but- 
ton and prevent the formation of cavities adjacent to the periph- 
ery of the specimen. Possibly tests undertaken in a pressurized 
chamber with constant depths of submergence but variable air 
pressure above the liquid would maintain a constant pattern of 
the pitting and so allow the loss of weight determination to give a 
true index of the benefit attained by increase of pressure at the 
jocation of the disturbance. 


8 Manager, Hydraulic Division, Canadian Allis-Chalmers Ltd., 
Lachine, Inc., Canada. Mem. ASME. 


TRANSACTIONS OF THE ASME 


JULY, 1950 


When tests have been undertaken in the field to appraise the. 
relative resistance of different materials to the destructive forces 
of cavitation on a single hydraulic turbine runner, it often has 
appeared that the application of stainless steel to the portions 
that are most seriously affected has a tendency to shift the posi- 
tion of “the affected area.’’? The apparatus discussed would 
provide a means whereby it should be possible to apply stainless 
steel to half of the specimen (a semicircle), and to determine 
whether or not there is a tendency for a distortion of the pattern of 
the pitted surface on the parent metal. Probably such is not the 
case—although the premise is widely held. 

In general, the relative resistance of the materials discussed in 
this paper to the action of cavitation closely corresponds to con- 
ditions found during field investigations. The suggestion that 
“there is a difference in the minimum force required to produce 
pitting in different materials,’ is most interesting, and the data 
supplied in Fig. 6 of the paper explains the apparent incon- 
sistencies of field tests, when in some cases the substitution of 
rolled stainless steel for cast mild steel entirely eliminates destruc- 
tion by cavitation in locations where this condition has been quite 
pronounced and yet in other cases the same stainless steel may be 
destroyed by this action (although at a considerably lower rate). 
The relatively small advantage attained by a high surface finish 
is also worthy of note. 

Perhaps one of the greatest contributions is the disclosure of 
the very pronounced relationship between the resistance of any 
material to pitting and the hardness of that material. This may 
account for the wide divergence of much data obtained in the field 
during tests undertaken on materials of exactly the same chemical 
composition under comparable operating conditions. The data 
presented in Fig. 13 are most pertinent. 


WILHELM SPANNHAKE.’ The consistent tests and their most 
interesting and practically important results remind the writer of 
a series of experiments which he initiated at the Technical Uni- 
versity of Karlsruhe, Baden, Germany, in 1939. They have been 
carried through by Dr. Hans Nowotny and were published in 
1942.'° These tests gave similar results for the curves showing 
the relationship between the loss of weight and the time of ex- 
posure of the material to the cavitation attack. However, 
Nowotny found that the loss of weight distinctly began after a 
certain “time of incubation,” during which no loss of weight could 
be measured. For instance, with some sort of steel he found that 
during this incubation time, the material suffered about 6-108 
hits of collapsing bubbles. He believes that during this time the 
material changes its properties, especially under the influence of 
heat created by the numerous blows concentrated on very smail 
areas. He came to the conclusion that it is difficult to establish a 
general connection between the resistance against cavitation 
damage and the purely mechanical properties of materials as they 
are found at room temperature. By the same reason he finds that 
those high static pressures, which many authors believe to be 
necessary for an explanation of the cavitation damage, and which 
they failed to measure by experiments, are actually not neces- 
sary. 

Nowotny went still further in analyzing the details of the de- 
struction, He applied a very sensitive x-ray method, taking 
pictures not only of the various samples of material before and 
after cavitation, but also of the particles broken out of the sam- 
ple and fished out of the liquid. In this way he found that not 
only the grain structure was destroyed, but that even the single 
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grains were broken. The grains fished out of the liquid showed a 
distinct reduction in size. 

These few details out of Nowotny’s book have been given in 
order to demonstrate that the vibratory method is fit not only for 
practical purposes, but also for a very thorough basic investiga- 
tion in order to establish a consistent theory of the particular form 
of wear and tear inherent in the cavitation phenomenon. It 
might be possible that by means of such a theory we may some- 
time succeed in ‘‘constructing’ that material which has the 
strongest resistance against the cavitation damage. 

On the other hand, the writer would recommend not to abandon 
the other methods of creating cavitation such as that in Venturi 
tubes or around specially shaped bodies. It is still important to 
compare the effects of different kinds of cavitation. 

At the same time Nowotny made his experiments, the writer 
succeeded in creating in a high-power Venturi tube with a velocity 
of 250 fps in the throat, the same primary effects such as dis- 
coloring, and the like, after an exposure of the best steel for only 
30 sec. 

The scientists of both hydrodynamics and metallurgy should 
combine their efforts to clear this phenomenon of cavitation 
which has obtained so great an importance since high speeds are 
being applied more and more in so many fields of modern tech- 
nique. 

Any contribution out of the laboratories of the industry such as 
the author’s should be highly appreciated. 


AUTHOR’S CLOSURE 


Mr. Baumeister’s statement that the accelerated-cavitation 
method does not give absolute or theoretical values is correct. 
Up to the present time the test results have all been relative. 
However, there is a possibility that as our knowledge of the 
mechanics of cavitation increases, absolute or theoretical results 
can be obtained. For the time being we have to use the cut-and- 
try method of selecting materials for highest resistance to pitting. 

The author does not agree with the limited definition of cavita- 
tion suggested by Mr. Glazebrook. It has been demonstrated 
experimentally! that actual voids or separations can be created 
in a liquid, and that the threshold of force required to create 
these voids varies with the gas content of the liquid and other 
factors. While the author’s definition of cavitation could no 
doubt be improved, it should not be related to the vapor pressure 
of the liquid nor should it describe the details of some of the result- 
ing phenomena as recommended by Mr. Glazebrook. 

Although tests on materials with varying grain size’ indicate 
that the finer the grain, the greater the resistance to pitting, 
there is no definite relationship between the hardness of a ma- 
terial and its grain size. However, fatigue strength is a determin- 
ing factor in the ability of a material to resist pitting, and since 
those with a high hardness usually have a high fatigue strength, 
it may account for the increase in resistance to pitting with in- 
creased hardness. : 

Mr. MacNamee’s description of the tests to determine the 
resistance to erosion of various materials is very interesting. He 
should have sufficient data to warrant a separate treatise on this 
subject. 

No tests have ever been made to determine the effect of baro- 
metric pressure on the rate of pitting. However, there is definite 
proof that the rate of pitting varies with the temperature of the 
liquid (1),!8 and it is generally accepted that this variation is due 
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ditions,’’ by H. N. Boetcher, Trans. ASME, vol. 57, 1935, pp. 355— 
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to the change of the vapor pressure with temperature. There- 
fore it can be assumed that barometric pressure has a similar 
effect on the rate of pitting. 

The results of the tests which were made with different liquids 
are a further indication of the correlation between the rate of 
pitting and vapor pressure. These tests are described by the 
author as having been made with various concentrates of acids, 
and oils to determine whether the rate of pitting was affected by 
corrosive liquids. At the time the paper was written there was 
no good explanation for the results obtained. Recently a caleu- 
lation was made on the vapor pressure of the liquids used in the 
tests. Plotting the rate of pitting against the vapor pressure of 
the liquid showed a definite straight-line relationship. This rela- 
tionship is similar to the relationship Mousson (1)'* and No- 
wotny!® found in their tests by changing the temperature of the 
water, Fig. 19, herewith. 
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The experiments by Mousson and the author were confined to 
the lower temperatures and vapor pressures, whereas Nowotny 
covered the entire range of temperature of water from freezing to 
boiling. The author is now conducting experiments with liquids 
with vapor pressures between 0.2 and 8.0 ft of water for compari- 
son with Nowotny’s curve. 

The relationship between the rate of pitting and the vapor 
pressure of various liquids is very significant. It adds to our 
knowledge as to the nature of cavitation, and also indicates that 
there is a similarity between the cavitation produced by Mousson 
with a Venturi-tube type of machine and the cavitation produced 
with the vibratory machines. 

Mr. MacNamee calls attention to the fact that the only hard 
steels tested were stainless steels. Accelerated-cavitation tests 
on various alloyed steels were made by both Mousson (1)! and 
Kerr (2)!3 and time did not permit the duplication of all of their 
tests. 

In comparing the relative rate of pitting of stellite to other 
materials, Mr. Van Patter should take into consideration that 
there are various types and grades of stellite. The author tested 
rolled stellite which had shown high resistance to erosion in a 
special erosion testing machine. Mousson (1)! tested both 
welded stellites and rolled stellites. The welded stellites showed 
losses from 3.4 to 10.8 cu mm, as compared to 0.9 to 2.8 cu mm 
for rolled stellites. This showed the large possible variation in 
the resistance to pitting of this material. 

With reference to the formation of vapor bubbles on the test 
specimen, the stroboscopic light used did not have the high 
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frequency necessary to stop the movement of the specimen, and, 
therefore, the exact bubble formation could not be observed 
in detail. The author refers Mr. Van Patter to an article by 
M. Kornfeld and L. Suvorov,!4 which gives a detailed description 
of the bubble formation, as observed in connection with a vibra- 
tory machine. 

No tests have been made to determine at what amplitude 
pitting begins on various materials. However, this is an inter- 
esting subject and is scheduled for future investigation. 

The author’s statement that two layers of type 301 stainless- 
steel weld should be used for repairing and prewelding hydraulic 
turbine machinery, was based largely upon the practical 
application of weldments. The stellite tested by the author 
was a rolled plate and not a weldment, and therefore is not par- 
ticularly suitable for repairs. 
because of its cost, and because it is difficult to grind and machine. 
There is very little information available at the present time on 
the performance of Ampco bronzes in field installations. Further- 
more, the application of Ampco bronze weldments is more difficult 
and requires greater care than stainless steel and cannot be applied 
overhead. 

Two layers of weld give a higher resistance to pitting and 
result in a better coverage of the welded surface than one layer. 
Also the first layer of stainless-steel weld on a mild-steel base 
has a tendency to become contaminated. Table 20 of this 
closure shows the chemical analysis of the weldments shown in 


TABLE 20 CHROME AND NICKEL CONTENT OF 
STAINLESS-STEEL WELDMENTS? 


Type of 
-——weld-rod material—\ 

Specimen Ist layer 2nd layer -—Content per cent— 
no. of weld of weld Cr Ni 
203 801 12.5 4.9 
201 308 16.5 7.8 
198 309 ats . 16.9 Te?) 
204 301 301 15.8 6.5 
199 309 308 19.9 10.3 
202 308 308 19.6 9.7 
200 309 301 19.9 10.3 


@ As shown in Table 12 of paper. 


Table 12 of the paper. This indicates how the use of one layer 
of weld decreases the chromium content of the weldment. With 
two layers, the surface of the weldment approaches more closely 
the chemical composition of the weld rod used. 

Mr. Rightmire gives a good explanation of the cavitation action 
at various depths of submergence. It is hoped that the results 
of the tests to which he refers will be published at an early date. 

Mr. Southmayd refers to the tendency for pitting to shift on 
hydraulic-turbine runners when repairs are made with stainless 


14“On the Destructive Action of Cavitation,” by M. Kornfeld 
and L. Suvorov, Journal of Applied Physics, vol. 15, 1944, pp. 495- 
506. 
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steel. This can probably be explained by the fact that the 
material erodes due to fatigue. Repairs are usually made only 
on the areas that have actually pitted and where the most severe 


cavitation occurs. However, in the surrounding areas where 


Fie. 20 AccrLmRATED-CaviTaTIon Macuinr, VIBRATORY TYPE, 
: AS ARRANGED FOR PERMANENT Use 


cavitation is not quite so severe the material has already been 
weakened due to fatigue and therefore sometimes starts to erode 
soon after repairs have been made to the other areas. 

Mr. Spannhake’s reference to Nowotny’s experiments is a 
valuable contribution. 

The accelerated-cavitation tests described by the author in 
the original paper were made with the temporary machine shown 
in Figs. 2 and 3. Since then this machine has been rebuilt in 
more permanent form as shown in Fig. 20, herewith. 


